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Abstract 
A series of di-, tetra and octanuclear transition metal complexes of tetranucleating 
macrocyclic ligands derived from a Schiff-base [2+2] template condensation of 2,6-
diformyl-4-methylphenol (dfmp) or 2,6-diformyl-4-tbutylphenol (tdfp) with 1,5-
diaminopentan-3-01 dihydrochloride (dahp), H.L 1 and H.L2 respectively, has been 
investigated. The characterisation of these complexes was achieved using infrared 
spectrometry, elemental analysis, FAB mass spectrometry and where possible 
single crystal X-Ray diffraction data. A study of the interaction of tetranickel(II) 
complexes of H.L 1 and H.L2 with acetate and benzoate led to the structural 
determination of [Ni.(L2)(f.kOH)(CH3C02h(CH3C02H)(H20)17H20. The interaction 
of benzotriazolate and pyrazolate as coordinating anions with dinuclear copper and 
nickel complexes has led to the isolation of novel macrocyclic complexes with 
vacant coordination sites. The structure of {[Cu2(H3L2)(f.l-bta)hCu(CI)h(CIO.h has 
been determined by X-Ray crystallography. Dinuclear copper complexes of H.L 1 
and H.L2 with a hydroxo ligand bridging between the two copper ions have also 
been synthesised a nd characterised. A dimeric complex, [Cu2(H3L)f.l-O]2. has been 
characterised by X-Ray diffraction. These complexes, prepared by metal deficient 
template routes, have then been treated with excess Ni2+ which coordinates in the 
vacant sites, allowing the controlled synthesis of the heterotetranuclear complexes 
of CUIl2NiIl2' The structures of [Ni2(H.L 1 )(f.l-CIMCH3CNh](CIO.h. [Ni2(H.L2)(f.l-
Clh](CIO.h, [Mn2(H.L 1 )(f.l-Clh (dmfh](CIO.h·2dmf and [Cu2(H2L2)(Clh](CIO.hH20 
have also been determined by X-Ray crystallography. In these cases chloride ions 
bridge the metal ions, which are coordinated in diagonally opposite sites within the 
macrocycle. The solid state electrochemistry of di-, tetra-, and octacopper 
complexes of H.L 1 and H.L2 containing bridging hydroxo groups, showed well 
defined voltammetric reduction and re-oxidation responses. At a significantly 
negative potential, copper is extracted from the complexes to form a solid copper 
deposit and a neutral form of the insoluble free ligand. Upon re-oxidation of the 
copper deposit, Cu2+ undergoes facile re-insertion into the ligand sphere to reform 
solid di- and tetracopper complexes at the electrode surface. The reduction process 
occurs in two stages, with two Cu2+ cations being extracted in each step. 
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Index of Abbreviations 
dahp 1,5-diaminopentane-3-ol dihydrochloride 
dfmp 4-methyl-2,6-diformylphenol 
tdfp 2,6-diformyl-4-tertbutylphenol 
EtOH Ethanol 
MeOH Methanol 
ACN Acetonitrile 
dmf Dimethylformamide 
Et20 diethyl ether 
Hbta (bta) Benzotriazole (benzotriazolate) 
Hpyr (pyr) Pyrazole (pyrazolate) 
OBz Benzoate 
EA Elemental Analysis 
FAB Fast Atom Bombardment 
I.R. Infra-red 
U.V. Ultra-violet 
MW. Molecular Weight 
min Minute 
h Hour 
r.t. room temperature 
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Atom colour scheme 
For this thesis the atoms are coloured in the following manner: 
Carbon 0 
Oxygen 0 
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CHAPTER I 
Introduction 
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1.1 Introduction 
The occurrence of so many natural macrocycles has produced a high level of 
interest in this area of synthetic macrocyclic chemistry(1.3). The vast family of 
macro cyclic ligands and their complexes has been established as an integral part of 
the general area of coordination chemistry and the growth in this field since the 
1960's has been such that it can be treated as a field separate from traditional 
acyclic ligand coordination chemistry. 
Macrocyclic complexes very often show unusual spectroscopic and chemical 
properties as compared to the normal 'classical' coordination chemistry of metal ions 
in solution. The metal/ligand system can be viewed as a hosVguest relationship with 
the ligand acting as the host and the metal ion acting as the guest The 
preorganised geometry of the host is often not that usually favoured by the metal ion 
guest This preorganisation can disrupt the preferred geometry of the metal and thus 
modify its properties. There are also many cases when the binding of a metal ion 
alters the geometry of the host ligand. Therefore the geometries in macro cyclic 
complexes usually arise from some form of compromise between the metal-imposed 
or ligand-imposed geometry on the system. 
Three of the more important means by which the properties of a metal ion can be 
modified were outlined by McKee(4) as the presence of unusual donor sets, unusual 
geometry and environment: 
(1) Unusual Donor sets - The metal ion will bind to donors it would not normally 
coordinate to if the donor is part of an imposed coordination environment, 
and if there is no altemative ligand available. 
(2) Unusual Geometry - Very often the preorganised geometry of the ligand is 
not that usually favoured by the metal ion. This will disrupt the preferred 
geometry of the metal and thus modify its properties. 
(3) Environment - The ligand establishes a particular environment, either with 
regard to polarity, protic or nonprotic, or access controlled, around the metal 
ion. 
Such metal-ligand interactions in biological systems play a key role in almost every 
event that takes place during biological processes, both natural and synthetic. Thus, 
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in both metal-containing catalysts and in metalloenzymes the matrix that binds the 
metal ions is not a passive but an active component of the active site. 
Synthesis 
The synthesis of macro cyclic ligands and complexes has been separated into two 
main categories; direct synthesis (sometimes referred to as non-template synthesis) 
and metal ion template synthesis. 
The term direct synthesis is applied to the synthesis of a metal free, pre-formed 
ligand that is stable and isolable, which can then complex the metal of choice. 
Synthetic routes to small or normal sized rings are well-developed and are highly 
specific. However routes to medium or large sized rings (generally of more interest 
to coordination chemists) pose more problems. The main problem to overcome is 
the entropic effect. In order for the ring closure reaction to occur the two reactive 
ends must come close to one another. This can be quite difficult unless there is a 
certain amount of preorganisation within the ligand itself and it is more likely that the 
acyclic intermediate will react with another molecule than with itself. This leads to 
polymerisation. 
One method to overcome this problem is 'high dilution'. The probability of acyclic 
ligands reacting with one another is greatly reduced as their concentration in the 
reaction solution is reduced. Therefore the more dilute the solution the more chance 
it has to react with itself. Typically, these reactions take a long period of time to 
produce sufficient yields due to the slow addition of reactants(5-6). 
In some cases high dilution methods are not necessary. If rigid subunits are 
incorporated within the ligand, the various acyclic intermediates may be 
preorganised in the correct conformation for cyclisation. Owsten(7) reported the high 
yielding synthesis of N4-macrocycles incurred by means of hydrogen bonding 
between nitrogen atoms (figure 1.1). 
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Figure 1.1 
Intramolecular hydrogen bonding is also thought to be the main driving force for high 
yield of the Curtis(8) free ligand (figure 1.2). The hydrogen bonding stabilises the 
required conformation for cyclisation to take place. However it can be argued that 
this is a template reaction in which the hydrogen is acting as the template. So even 
in this case it isn't clear cut. 
2+ 2+ 
>(Y >(Y 
et";) 
.. 
eZ-" ;) 
N-H--N N H-N 
°0 ~ 
Figure 1.2 
More commonly Schiff base macrocycles are prepared using a metal ion template 
route called Template Synthesis. This method is generally preferred as it offers high 
yielding and selective routes to new ligands and their complexes. For example, even 
though the tetraaza macrocycle (figure 1.3) can be prepared in a metal-free 
synthesis as shown above (figure 1.2) the simplest preparation is via a metal 
template reaction(9), and in 1961 Curtis(10) isolated the isomeric pair of the Ni(lI) 
macrocyclic complexes by treating Ni(NH2CH2CH2NH2h(CI04l2 with acetone. 
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Figure 1.3 
The metal gets involved in the reaction mechanism and causes a template effect. 
This effect can take two forms. When the function of the metal is to control the 
stereochemistry in the intermediates such that cyclisation is the favoured pathway, it 
generates the kinetic template effect. This arrangement of reactants promotes a 
series of controlled steps and provides routes to products not formed in the absence 
of the metal ion. The thermodynamic template effect refers to reactions that can 
occur in the absence of the metal ion but when a metal ion is used it promotes the 
formation of the macrocyclic complex by removing it from the reaction mixture 
therefore shifting the equilibrium position between the starting materials and the 
cyclic product(11). The Curtis(9.10) synthesis is a good example of this effect in 
practice. However, not all reactions are as clean cut and it can often be hard to see 
which effect predominates. Often both occur at the same time. 
Another important effect on the controlled synthesis of macrocyclic complexes is 
ring size vs. ionic radii of the templating metal. This can lead to a variety of [1 +1], 
[2+2] or [n+n] (n = the number of each of the acyclic starting material units in the 
cyclic ligand), complexes depending on the size of the metal ion of choice. 
The condensation of 2,6-diacetylpyridine with H2N(CH2hNH(CH2hNH2 in the 
presence of Ni(II) salts leads to the formation of the [1 +1] complex which is 
approximately the correct size for the Ni(II) ion (figure 1.4 A). When the same 
reactants are condensed in the presence of Ag(I) ions the [2+2] disilver complex is 
the product (figure 1.4 8)'12.13). The metal ion is determining the products of the 
reaction as well as promoting it(14). 
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So although effects and causes can be classed easily, in reality there are a number 
of forces directing and influencing the complexation of metal ion to ligand and the 
reactions are not always as predictable as they might seem. 
1.2 Binucleating Schiff-base Macrocycles 
Complexes in which a single ligand organises two or more metal centres into some 
predetermined arrangement may show unusual behaviour in a number of areas 
such as the multi-electron oxidation or reduction of substrates, the trapping of 
substrates under unusual bonding circumstances and the activation of substrates to 
further reaction. Such molecules many have applications in bioinorganic chemistry 
providing useful parallels with comparable metalloenzymes. 
The area of macrocyclic chemistry is very vast and diverse, so for the purpose of 
this study we will focus on the synthesis and chemistry of di-, tetra- and octa-
binucleating Schiff-base macrocycles. The term binucleating was used by Robson(15) 
when describing polydentate chelating ligands that are capable of simultaneously 
binding two metals. The binucleated metals can be found in removed sites i.e. not 
close enough to interact, within the ligand or in close proximity i.e. able to interact 
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with each other. This interaction is enhanced by the ability of ligand donor atoms to 
bridge two metal ions. Schiff base complexes with the ability to do this are usually 
those based on phenol{16.24) and heterocycle{25.28) head units. These types of 
complexes are interesting for a number of reasons and in particular within the areas 
of magnetochemistry and bioinorganic chemistry. 
Heterocyclic Binuc/eating Ligands 
Macrocycles of this type are normally synthesised by the condensation of 2,6-
diformyl five or six membered O,N or S (=X) containing rings (Figure 1.5) with a 
diamine in the presence of a metal template ion. The diamine units can be simple 
alkane chains but they can also contain alcohol, amine or other functional groups. 
I 
N 
/ 
R 
\ 
N 
I x 
Figure 1.5 
I 
N 
\ 
R 
/ 
N 
I 
In 1977 Nelson and co-workers(29) reported the template synthesis of a range of 
metal complexes of a [1+1] quinquedentate macro cycle from 2,6-diacetylpyridine 
and an appropriate tetrafunctional di-primary amine in the presence of the metal ion 
(e.g. Mg, Mn, Fe, Zn, Cd, Hg or Ag (figure 1.4 A). In 1975(30) they then reported 
[2+2] dilead complex by the condensation of two molecules of 2,6-diacetylpyridine 
and 3,6-dioxaoctane-1 ,S-diamine in the presence of Pb(SCN)2 (figure 1.6). 
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Figure 1.6 
Since then McKee(31) and Fenton(32) reported the synthesis of a number of ligands 
containing a dicarbonyl heterocyclic head unit and a diamine side chain with 
pendant alcohol side arms. When 2,6-diacetylpyridine and 1,3-diamino-2-
hydroxypropane are reacted in the presence of barium perchlorate, 
Ba(L)(CIO.hH20 was formed (figure 1.7 A). However, when Pb2+ is used as the 
template the complex formed is the ring-contracted product Pb(L')(CIO.)iMeOH 
(figure 1.7 8). The ring-contraction is driven by the metal ions desire to achieve its 
favoured geometry. 
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Figure 1.7 
Subsequent transmetallation of the barium complex resulted in the [4+4] 
tetramanganese complex [Mn.(L)2](CIO.). as shown in figure 1.8. The macrocycle is 
folded in such a way that the manganese cluster has a cuba ne core structure(33). 
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Figure 1.8 
Phenol Based Binuc/eating Ligands 
In 1970 Pilkington and Robson were the first to publish details of a binucieating 
ligand derived from 2,6-diformyl-4-methylphenol(34) This opened the door to 
extensive study of macrocycies with this binucleating ability and since then many 
similar systems have been reported(16.241. 
The macrocyciic Schiff bases, derived from [2+2] condensation of a 2 ,6-diacyl-
substituted phenol and a diamine, form a family of compartmental ligands (figure 
1.9). The binucieating ability of these Iigands stems from the readiness of the phenol 
to deprotonate and bridge two metal ions. The presence of such a bridging group 
within the macrocyclic cavity should promote the binding of several metal ions as 
well as mediating magnetic and electronic interactions between them. 
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Figure 1.9 
Pilkington and Robson(34) reported a series of dinuclear complexes [M2(L)]X2' in one 
pot reactions of 2,6-diformyl-4-methylphenol, 1,2-diaminoethane (n = 2) or 1,3-
diaminopropane (m = 3) and a M(II) ion. The macrocycle (L2.2)2-, the smallest 
member of the family can accommodate only the small Cu(lI) and Ni(lI) ions 
because the cavity derived from the ethylene lateral chain is small, with little 
flexibility. The N20 2 cavity of (L3.3)2-, formed by the propyl lateral chain, has an 
appropriate size to accommodate a wide range of metal ions within its cavity e.g. 
Cu(II), Ni(II), Co(ll), Mn(lI) and Zn(II)(34). 
This development in macro cycle synthesis has proven to be of immense importance 
as it set the path for greater understanding of the metal-metal interactions within 
many bi- and polynucleating metalloprotiens. Extensive research has been carried 
out on the Robson and derivative macrocycles, investigating their magneto and 
electrochemistry and also their potential as catalytic surfaces for a range of metal 
promoted reactions(3S-37). 
The versatility of these ligands can be enhanced by the incorporation of pendant 
alcohol groups that enable the macrocycles to form endogenous alkoxide bridges 
between the adjacent metal centres(38) (figure 1.10). 
21 
Figure 1.10 
When this ligand is templated in the presence of Pb(II)(CI04h in methanol three 
products have been characterised as mononuclear [Pb(II)(H4L)](CI04h, dinuclear 
[Pb2(1I)(H2L)](CI04h and a salt of the protonated ligand [(HsL)(H20h](CI04h. The 
initial product is the dinuclear complex. However, over time (several days) the 
homo nuclear and the ligand salt are obtained. The crystal structure of the binuclear 
complex shows the macrocyclic ring to be approximately planar and the lead atoms 
are 1.32 A out of the mean plane of their nitrogen and phenoxy donors. The metal 
ions are five coordinate; each is bonded to the two bridging phenoxy groups, two 
imine nitrogen atoms, and one of the pendant alcohols. 
When this template reaction is carried out in the presence of Mn(lI) or Ni(lI) different 
structural arrangements are observed. The crystal structure of the dimanganese 
complex(39) is shown in figure 1.11. The complexes are binuclear with the two metal 
ions bridged by the deprotonated phenolate donors of the macrocycle. The alcohol 
groups however do not coordinate to the metal ions. In the case of the dimanagnese 
structure the Mn(lI) ions sit 0.77 A on either side of the mean plane of the 
macrocycle. They are six coordinate but have irregular square pyramidal geometry 
with an acetate group as the axial ligand. In the nickel complex the coordination of 
the metal ions is made up of two imine nitrogen atoms and two bridging phenoxide 
donors from the ligand. The nickel ions have regular octahedral geometry with their 
coordination sphere being completed by one chloride ion and a water molecule. 
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Figure 1.11 
Thus, although the phenol is a bridging donor it also pushes the coordinating metals 
further away from the head unit. This results in a reduction in potential cavity size 
compared with the analogous pyridine structures(31 ), which are able to incorporate 
the pendent alcohol groups within the macrocycie cavity during coordination of the 
complexed metals. 
A ~N~I 
~OHHO~ 
\rN~ Y 
Figure 1.12 
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The structures of these complexes (figure 1.12) show the versatility of this range of 
Schiff base binucleating macrocycles, so it is understandable that a large amount of 
research has surrounded these complexes and their chemistry. 
1.3 Tetranuclear Complexes 
The progression from dinuclear complexes to multinucleating complexes is a natural 
one. The study of multinucleating complexes is interesting for several reasons. It 
enables us to compare and build a bigger picture of the structure and chemistry of 
naturally occurring multinuclear enzymes. The close proximity of so many metal ions 
can mimic metal surfaces and structural studies of these complexes can help us 
obtain detail about potential catalyst surfaces, which we would be unable to get from 
the bulk metal. 
One method of synthesising multinuclear complexes is the expansion of existing 
dinuclear ligands, enabling them to coordinate more metal ions. In the late 1980's 
McKee achieved this by increasing the saturated side chains carrying alcohol 
groups. The simple expansion from the 1,3-diaminopropan-2-01 to 1,5-
diaminopentan-3-01 has allowed two more metals to be coordinated to the ligand. 
Complexes of CU(II)4(40.41), Ni(II)4(42), Mn(lI)4(43), CO(II)4(44) and Zn(II)4(45) have been 
reported. A perspective view of a tetracobalt complex of the ligand is shown in figure 
1.14. 
I I 
N OH N 
OH HO 
N OH N 
I I 
Figure 1.13 
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Figure 1.14 
Robson also sought to increase the size of the macrocyclic cavity to incorporate 
more metal ions but, without the presence of the alcoholic groups in his complexes 
side chains , another route had to be found . In 1987 he reported the synthesis of the 
tetra nickel complex(·6) of ligand A shown in figure 1.15. 
The complex was formed by the condensation of 2,6-bis(aminomethyl)-4-
methylphenol with diformyl-4-methylphenol using nickel acetate as a template. 
Figure 1.16 shows a perspective view of the tetranickel complex. The macrocycle 
consists of four separate, essentially internally planar blocks hinged together at the 
four methylene carbon centres. All four aromatic rings are inclined, all on the same 
side of the Ni. plane, at considerable angles to that plane. Two bridging acetates are 
on the opposite side of the Ni. plane while on the same side of the Ni. plane as the 
macrocycle are two methoxy units which bridge the nickel pairs not bridged by the 
acetates. A central !l4-hydroxo group completes a pseudo-octahedral arrangement 
around each nickel ion. 
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Lack of flexibility within this ligand lead Robson to synthesis the tetraamine 
derivative of ligand A, ligand B. This ligand gives more flexibility to allow metal-metal 
spatial relationships and individual metal coordination geometries to be 
accommodated. 
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Trinuclear cobalt complexes(47) of the tetraamine ligand and dinuclear manganese 
complexes of the tetraamine ligands have also been reported(4.), suggesting that the 
ligands can only act as tetranuclear ligands for the smaller first row transition metal 
ions. 
Nag expanded this ligand even further by increasing the distance between the 
phenol groups, figure 1.17. This was achieved by reacting 2,6-diformyl-4-
methyl phenol, 1,2-diaminoethane, magnesium salts(49). This is then reduced with 
NaBH4 and acidification with HCI produces the tetraprotonated metal free octaamino 
ligand H4L·SHCI. The tetran ickel complex is prepared by refluxing Ni(II)(CI04h with 
H4L to give [Ni4(L)(fl3-0H)(fl-H20 h(CI04)](CI04h2CH3COCH3H 20 . 
OH HO 
OH 
Figure 1.17 Nag Tetranuclear ligand 
In this case the ligand is not planar but is considerably twisted , each of the phenol 
rings being inclined to each other and the complex completely lacks symmetry. The 
four noncoplanar nickel atoms are in distorted octahedral environments, and each 
metal ion is coordinated to two amine nitrogen ions and two bridging phenoxo 
oxygen ions. Three Ni(lI) ions are bridged by a tricoordinating hydroxyl oxygen , with 
each pair of metals bridged by water molecules. The remaining site on the fourth 
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Ni(ll) ion is filled by a perchlorate oxygen . The intramolecular distances between 
nickel atoms lie in the range of 2.93-5.13 A. 
Interestingly enough , when the dimagnesium octaamine complex is transmetalated 
with copper ions the ligand undergoes a transamination to form a dicopper 
complex(50) (figure 1.18). This phenomenon highlights the macrocycle ligand's ability 
to rearrange to suit the preferred metal geometry. 
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Figure 1.1 8 
Okawa went on to extend the ligand even further to produce a tetranuclear 
copper(lI) 'dimer of dimers' complex, arranged in a face-to-face manner(51) (figure 
1.19). 
In each unit the two copper ions are bridged by a phenolic oxygen provided by the 
ligand and a hydroxide oxygen, possibly from water in the solvent, giving a Cu ·Cu 
separation of 2.949 A. If A = NH the square-pyramidal geometry about the copper 
ions is completed by either propanol or acetonitrile solvent molecules. However if A 
= S the remaining coordination site is occupied by CIO. or PFs. In all the tetranuclear 
complexes the two dinuclear units are magnetically isolated from each other. 
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I 
A = NH or S 
Figure 1.19 
McKee and Goetz(52) further extended L 1 by synthesising a new dialdehyde 
dihydroxy-5,5'-di-tert-butyl-3,3'-methanediyldibenzaldehyde (dhtmb) and performing 
a Schiff base condensation of this with 1,3-diaminopropan-3-01 in the presence of 
metal template ions (figure 1.20). This new ligand has the ability to di, tri or tetra 
coordinate depending on the reaction conditions used. When dhtmb is reacted with 
equimolar amounts of 1,3-diaminopropan-2-01 and two equivalents of Cu(II)(N03h 
the tetracopper complex [Cu4(H2L)(OH),(H20)(EtOH)](N03h is formed. The 
macrocycle undergoes considerable folding to accommodate the four metal ions, 
which are situated in four equivalent sites. The saturated side chains are fully 
extended to allow each alkoxo group to bridge two Cu(lI) ions and the macrocycie is 
sharply folded down its long axis, with each half approximately planar. Each Cu(lI) 
has approximate square pyramidal geometry with the ligand providing phenoxo, 
alkoxo and imine donors, three exogenous ~2-hydroxos and a bridging water 
molecule complete the coordination sphere. In this system the phenoxo oxygen 
29 
atoms are not used as bridging groups and each adjacent pair is linked by a 
hydrogen bond. 
Figure 1.20 
1.4 Heteronuclear Complexes 
The study of heterometallic complexes dates back to 1704 and Woodward 's 
discovery of Prussian blue(53). They continue to be of interest for their 
physicochemical properties and functions arising from an interplay of dissimilar 
metal ions in close proximity(54,55) One area of interest in these types of complexes 
lies in the area of magnetochemistry(SS). Studies on the magnetic properties of 
homo- and heterodinuclear complexes have significantly helped in advancing our 
understanding of spin-exchange mechanisms, relating them to the geometries and 
to the ground state electronic configurations of the constituent metal ions, and to the 
nature of the bridging group. A second area of interest is bioinorganic chemistry 
where heteronuclear complexes can serve as synthetic analogues for 
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metallobiosites and so give insight into the significance of the metallic cores present 
therein(57). For example Cu-Zn superoxide dismutase, which protects cells from the 
toxic effects of the superoxide ion(58) or Cu-Fe in cytochrome c oxidase in 
mitochondrial respiration(59). 
This has given rise to the growing interest in the development of macrocyclic ligands 
that have the ability to bind two dissimilar metal ions in close proximity. 
1.5 Heterodinuclear complexes 
To date the majority of heteronuclear complexes reported are binuclear systems. 
Phenol-based binucleating macrocycles are of particular value for the study of 
heterodinuclear complexes because the resulting phenoxo-MaMb core complexes, 
where metal ion 'a' and metal ion 'b' differ and are bridged by a deprotonated phenol 
group, are thermodynamically stabilised by the macrocyclic effect and the core 
structures can be tuned by modification of the macrocycle. Furthermore, unusual 
oxidation states of heteronuclear cores can be stabilised by the use of macrocyclic 
ligands. Much of the heteronuclear work that has taken place has been a 
progression from homonuclear studies. 
There are basically two types of ligands that can simultaneously coordinate two 
metal ions. One type of binucleating ligand presents two equivalent coordination 
sites and the other has two non-equivalent coordination sites and examples of both 
types of macrocyclic complexes have been known since 1976(60.61). Therefore, in 
order to provide discrete heterodinuclear complexes of various combinations of 
metal ions, it is necessary to establish general synthetic procedures for a wide range 
of macrocycles having similar and dissimilar coordination sites. 
Similar Coordination Sites 
Gagne prepared and characterised a series of mixed metal complexes with two 
equivalent binding sites(62). The binucleating macrocycle is a symmetric Schiff base 
derived by condensing two equivalents of 2,6-diformyl-4-methylphenol with two 
equivalents of 1 ,3-diaminopropane , resulting in two identical N20 2coordination sites, 
this is a modification of the Okawa preparation (scheme 1.1). 
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Scheme 1.1 
Gagne used this method to prepare heterodinuclear complexes of Cu(II)M(II) (M = 
Mn, Fe, Co, Ni)(63). By virtue of the close proximity of the metal ions (ca . 3.15 A), but 
more importantly the ligands abi lity to bridging the metal ions, some intermolecular 
interaction is likely, therefore these complexes provide a good opportunity to study 
metal-metal interactions. In the case of the homonuclear complex (Ma = Mb), 
originally prepared by Robson(34), the high degree of symmetry implies that the fields 
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and potentia Is about one metal ion be identical with its adjacent counterpart . This is 
important when comparing the series of heteronuclear (Ma t Mb) ions. Therefore 
the differences in physical , chemical or redox properties of these complexes can be 
ascribed to metal-metal interactions since the ligand environment is held constant(62. 
64). The electrochemical properties of these complexes were examined by cyclic 
voltammetry and in each case reversible to quasi-reversible Cu(II)Cu(l) 
electrochemistry was observed. The Cu(lI)Cu(l) reduction potential was, within 
experimental error, invariant with respect to the remote metal Mb, Er Cu(II)Cu(l) = -
1.068 vs. FclFc·. However the homonuclear complex Cu(lIh , was much more 
readily reduced , Er = -0.925 V vs. Fc/Fc·, than the heteronuclear complexes. This 
difference in hetero and homonuclear reduction potentials, 143 mV, has been 
ascribed to a special stability associated with the mixed-valent [Cu(II)Cu(I)(L)t 
species, where some electron de localisation has been previously demonstrated(65) 
Dissimilar Coordination Sites 
Most commonly, in order to provide discrete heteronuclear metal complexes, phenol 
based macrocycles containing two different metal binding sites have been 
developed. Dissimilar binding sites can be achieved in a number of ways, for 
example different length lateral chains giving different cavity sizes, different 
coordination numbers and coordination groups. Therefore, synthetic procedures 
have been developed for a wide range of heteronuclear macrocycles. 
Different Cavity Sizes 
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Figure 1.21 Different Cavity sizes 
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Figure 1.21 shows a macrocyclic ligand with different cavity sizes suitable for 
coordinating a range of different metals. In the 
[Cu(II)Ni(II)(L 2.3)(H,O)(DMF)](CIO. ),"DMF complex(66) (figure 1.22), Cu(lI) resides in 
the N,O, site with the ethylene lateral chain and assumes planar geometry. The 
Ni(II), in the N,O, site bonded to the tetra methylene chain, acquires a pseudo 
octahedral geometry by further interaction with dmf and H20 oxygen atoms at the 
axial sites. 
Figure 1.22 
However in the equivalent Ni(II)Mn(lI) complex, [Ni(II)Mn(II)(L ' .4)(DMF),](CIO.)" the 
NI(II) resides in the N,O, site with the ethylene lateral chain and the Mn(ll) in the 
N,O, site derived from the tetra methylene lateral chain. The Mn(ll) cannot reside 
within the cavity because of the mismatch between the cavity size and the ionic 
radius of the Mn(lI) ion and so assumes a distorted six-coordinate geometry with two 
DMF molecules in cis positions. The cyclic voltammetry of the NiMn complexes(67) 
are reversibly reduced to Ni(I)Mn(lI) species near -1 .0 V vs. SCE, and oxidised to 
Ni(II)Mn(lIl) species near +1 .5 V. The cyclic voltammetry of the Cu(II)Mn(lI) complex 
shows that it is reversibly reduced to Cu(I)Mn(lI) near -0.6 V and oxidised to 
Cu(II)Mn(llI) near +1 .0 V. In contrast to the difficult oxidation of the Mn(lI) in the 
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NiMn and CuMn complexes (> +1 .0 V) , the corresponding dinuclear Mn(lI) 
complexes having two tetra methylene lateral side chains are readily reduced to 
Mn(II)Mn(lI l) species near +0.4 VCR). In accord with the different electrochemical 
properties, the dinuclear Mn complexes(68) catalyse the decomposition of hydrogen 
peroxide but the NiMn and CuMn complexes do not have such activity. 
The Ni(II)Co( ll ) complexes(69) of L' ·3 and L'.4 also show interesting differences in 
reduction potentials. Cyclic voltammograms for reduction of Ni(II)Co(l l) L' ·3 and 
Ni(II)Co(lI) L ' .' show two quasi-reversible couples at -1 .00 and -1 .25 and -1 .02 and 
-1.44 V vs. SCE, respective ly. The first wave near -1 .00 V is attributed to the 
reduction of the Ni(lI)-7Ni(l)and the second wave is attributed to the reduction of the 
Co(I I)-7Co(l) to a give Ni(I)Co(l) species. The second reduction process , Ni(I)Co(lI) 
-7 Ni(l)Co(I) , occurs at a high potential in L' ·3 (-1 .25) complex relative to the L' " 
complex (-1 .44). This may reflect the geometry about the cobalt ion in each 
complex. The CoN,O, chromophore of L "', comprised of the trimethylene chain, can 
adopt a planar geometry preferred for Co( l) (d8) . On the other hand, the CoN,O, 
chromophore of L " ' , comprised of the tetramethylene chain , cannot adopt such a 
planar geometry, making it difficult for the reduction of Ni(I)Co(lI) to Ni(I)Co(I). So we 
can use the lateral chain length to impose chemical restraints . 
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Figure 1.23 Different Donor Atom Sets 
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Discrete coordination sites can also be created by providing different donor atom 
sets. Figure 1.23 A, shows a ligand with one lateral chain providing a four-
coordinate geometry and the other a five-coordinate site, sharing the phenolic 
oxygen atoms. A number of mixed metal complexes of this macrocycle have been 
reported(7o.71) The [Cu(II)Mn(II)(L)(AcO)]BPh4 complex(7Z) of this ligand (figure 1.24), 
when X=N , has revealed a dinuclear core bridged by an acetate group. The Cu(ll) is 
bonded to the original NzOz four-coordinate site and assumes a square-pyramidal 
geometry with an acetate oxygen at the apical site. The Mn(II) has a six-coordinate 
geometry derived from the N30 Z site and a bridging acetate oxygen . The geometry 
around the Mn is distorted from octahedral and has large Mn-to-ligand bond 
distances. Because of these steric reasons the Mn(lI) is oxidised to Mn(lIl) with 
difficulty. Sulphur containing complexes have also been reported(71 .73) 
Figure 1.24 Perspective view of [Cu(II)Mn(II)(L)(AcO)]BPh4 
Complexes having different lateral chain lengths and/or amine substituents with the 
ability to bind different metals have revealed interesting structural and chemical 
properties (Figure 1.23 B). 
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The unsymmetrical phenol-based macrocycles (scheme 1.2) having two different 
N(amine),02 and N(imine),0 2, metal binding sites sharing the bridging phenolic 
oxygen atoms have been developed by Okawa(74.751. The synthetic pathway of these 
complexes is very interesting. The Cu(lI) complex of the acyclic ligand has the Cu 
ion in the N(amine),02 site . The reaction of the complex with ethylenediamine or 
1 ,3-diaminopropane gave [Cu(L 2.2)] or [Cu(L 2,3)] respectively (pathway A) , 
A 
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During the cyclisation process the Cu(lI) ion migrates from the N(amine),0 2 site to 
the N(imine),0 2 site in both complexes. [Cu(L2.2)] reacts with metal(lI) chlorides to 
form dinuclear Cu(II)M(II) complexes [CuMCI2(L2.2)] (M = Mn, Co, Ni, Cu , Zn)(76.77I. In 
the case of [CuNi(L 2.2)] the crystal structure shows that the Cu remains in the amine 
site and Ni in the imine site. Both have square pyramidal geometry with chloro 
ligands in the axial sites. 
The macrocycle is more readily obtained by the modified stepwise template reaction 
using Pb(lI) as the second template ion (pathway B). The crystal structure indicates 
that the Cu resides in the imine site and Pb in the amine site. The transmetallation of 
the Pb using a transition metal(lI) gives a series of Cu(II)M(II) complexes (M=Mn, 
Co, Ni, Cu, Zn). When this reaction pathway is followed there is a migration of the 
Cu(lI) ion from the iminic site in the CuPb complex to the aminic site in the CuM 
complex. 
Once macrocycles have been reduced at the azomethine groups, a potentially 
donating auxiliary can be introduced at the amine nitrogen as a pendant arm (figure 
1.25). 
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Figure 1.25 
This macro cycle has been obtained as the monometallic complexes [M(L)(H+),]2+ 
(M(II) = Co, Zn) from which the dimetallic complexes have been derived(781. 
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1.6 Heterotetranucleating Macrocyclic Complexes 
Dissimilar Coordination Sites 
There have been relatively few studies of compartmental ligands that can provide 
mixed-metal complexes of higher nuclearity. Okawa and Fenton(79) published the 
first structure of a phenol based tetranucleating macrocycle in 2000 (Figure 1.26). 
The Cu(IIJ,Ni(lIJ, complex contains two N(amineJ,0 2 and two N(imineJ,0 2 metal-
binding sites in an alternate fashion sharing phenolic oxygen donors in a 
macrocyclic framework. 
Br 
Br Br 
Br 
Figure 1.26 [Cu(IIJ,Ni(IIJ,(R)] 
This complex was obtained as a dinuclear Cu(ll) complex [Cu2(L)] in a low yield by 
the cyclisation of [Cul l ')] with ethylenediamine, the main product obtained in this 
reaction is mononuclear [Cull)] (scheme 1.3). 
39 
H,N(CH,),NH, 
[Cu(L')] 
A Me,M 
e N O;(N) 
Me/ N\!O ~ 
Scheme 1.3 
I""::: 
.& 
Br 
[Cu(L)] 
[Cu,(R)) 
The mixed-metal [Cu(lI ),Ni(II),(R)(CI),](CI)i H20 complex was readily prepared by 
the reaction of [Cu2(R)] with a M(II) chloride salt in acetonitrile. The complex has the 
two Cu(lI) ions in the imine sites and can accommodate two Ni(lI) ions in the vacant 
amine sites thus the Cu(l l) migrates from the amine of the acycl ic precursor to the 
imine site, within during the cyclisation process. The Cu adopts a square-pyramidal 
geometry with a chloride ion at the axial site. The Cu-CI bond distance is elongated 
(2.563 A) owing to the Jahn-Teller effect. The Ni in the N(amine),0 2 site has a near 
octahedral geometry together with two chloride ions in cis positions . 
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However the mixed-metal macrocycle can be prepared in a quantitative yield via 
[Cu2(H2R)](CIO.h, by the reaction between [Cull')] and ethylene in the presence of 
perchloric acid . [Cu2(H2R)](CIO')2 was converted into [Cu2(R)] by neutralisation 
(Scheme 1.4). and a series of mixed-metal complexes, [Cu2M2(R)CI. ] (M= Co(ll ), 
Ni( II), Zn(II), have been derived from [Cu2(R)] reacted with a M(II) chloride salt in 
acetonitrile(80). 
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Figure 1.26 Perspective view of [CU(II)2Ni(IIh(R)(Clh)(CI)i H20 
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Similar Coordination Sites 
McKee and Launay(81) were the first to isolate and structurally identify a 
heterotetranuclear macrocyclic complex with four identical binding sites (Figure 
1.27). To date , no other such complexes have been reported . 
Figure 1.27 Cu(IIJ,Ni(lIJ, Heterotetranucleating Macrocycle Complex 
A controlled synthetic pathway has been developed whereby an initial dicopper 
precursor complex is reacted with an excess of nickel(U) acetate to form the mixed 
metal complex (scheme 1.5). The structure of the heteronuclear complex 
demonstrates that the macrocycle retains the metal ions in the side-by-side 
geometry, reflecting the structure of the dinuclear precursor. Site-selection has been 
achieved based on the relative stability of one of the three possible dinuclear 
intermediates. 
The structure and chemistry of this complex will be explained in more depth later 
within this thesis. 
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Aims 
The purpose of this research is to study the chemistry of McKee's ligand derived 
from the [2+2] Schiff-base template synthesis of 2,6-diformyl-4-methylphenol (dfmp) 
and 2,6-diformyl-4-tertbutylphenol (tdfp) with 1 ,5-diamino-3-hydroxypentane (dahp), 
and an appropriate metal salt (scheme 1.6). 
This extremely versatile ligand can lend itself to be di- or tetra nucleating and can 
incorporate a number of different bridging ligands. The flexibility of the saturated 
side chain enables it to adjust to suit the structural preferences of a range of 
different metals. 
We shall report on the ability of the ligand to conform to geometrical preferences of 
metal ions and , in particular, to the coordination of exogenous ligands on the surface 
of or within the macrocyclic cavity. A study of the solid state electrochemistry of a 
series of copper complexes is also reported . 
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CHAPTER 11 
Polynuclear Complexes of Copper and 
Nickel with H4L 1 and H4L2 
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2.1 Introduction 
The [2+2) macrocyclic complexes of H4L 1 and H4L2 formed by the template 
condensation of 4-methyl-2,6-diformylpheno l (dfmp) or 4-'butyl-2,6-diformylphenol 
(tdfp) with 1,5-diamino-3-hydroxypropane (dahp) upon metal ions forms a range of 
interesting complexes (figure 2.1). The ability of these macrocycles to form 
tetranuclear arrays has been demonstrated with a variety of both geometrically 
demanding metal ions such as nickel(II)(82) and geometrically undemanding 
manganese(II)(43), cobalt(II)(44) and zinc(II)(45} 
R 
~ ('Yl 2 + 2 
~ CI-NH + 3 OH CI-NH + 3 
I I neutralised w~h two equivalents 
0 OH 0 of KOH,cooled in an ice-bath and 
filtered to remove precipated KCI 
4 [(M2+)(X-hl Refluxed in MeOH/EtOH 
R R 
Figure 2.1 Template synthesis of H4L 1 and H4L2 complexes 
The ligand provides three donors for each metal ion in the tetra nuclear complex and 
the coordination sphere is completed by exogenous ligands. In most cases (unless 
another central donor is added to the reaction mixture) a central oxygen donor, 
binding to all four metal ions, is incorporated . 
The macrocycle can be regarded as being constructed of two distinct sections; rigid 
phenoldiimines, and saturated side chains, which carry alcohol groups and impart 
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some flexibility on the system. The latter feature permits some response to the 
coordination preferences of the metal ions. 
The ability to complex four metals in an open planar array is desirable for the 
similarity it bears to the oxide layer on a metal surface and many have some 
relevance to processes that occur at the metal surface in both catalysis and 
corrosion. 
2.2 Tetracopper Macrocyclic Complexes of H.L 1 and H.L2 
Background 
The structure of [Cu. (L 1 )(~-OH)l(N03)33H20 was first reported by McKee and 
Tandon in 1988(·0). This complex was formed by the [2+2] Schiff base template 
condensation of dahp and dfmp by copper nitrate in an alcoholic solvent. 
McKee and Tandon(83) subsequently reported in detail the chemistry and synthesis 
of a series of seven tetra- and three octacopper complexes, listed in table 2.1 below. 
Complex 
[Cu.(~-OH)(L 1 )][N03h2H2O McKee, Tandon 
[Cu.(~-OH)(L 1 )][CIO.h McKee, Tandon 
[Cu.(~-OH)(L2)][N03h2H20 McKee, Tandon 
[Cu.(~-OH)(L 1 )][CI0.h2H2O McKee, Tandon 
[Cu.(~-OH)(L 1 )(CH3C02h]3H2O McKee, Tandon 
[Cu.(~-OH)(L2)(CH3C02hl2H20 McKee, Tandon 
[{CU'(fls-O)(L 1 )(CI0.)h][CI0.12·3dmf McKee, Tandon 
[{Cu'(fls-0 )(L2)(N03)h][N03122H2O McKee, Tandon 
[(C u. (fls-O) (L2) (C 10.) h] [C 10. 12 McKee, Tandon 
[CU'(WN3)(L 1 )(N3h]2CH3OH McKee, Tandon 
[Cu.(~-OH)(L 1 )](BF . )32H2O Launay, Cromie 
Table 2.1 Tetra- and Octacopper complexes 
Aims 
These complexes have been extensively researched and characterised . The 
investigations described in this section are an extension of the work done by McKee 
and Tandon. A method for preparation of a [Cu. (L 1 )(OH)](BF.h complex have been 
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investigated and stock supplies of the tetra- and octacopper complexes have been 
synthesised to undertake a study of the solid state electrochemistry of di-, tetra- and 
octacopper complexes of the H4L 1 and H4L2 ligands(11 5) which has not previously 
been investigated. The complexes will be discussed in detail here as their structures 
provide some insight to their behaviour during the solid state electrochemical 
experiments. Complexes synthesised in the course of this work are given in table 
2.2 below. 
Complex Formula 
1 [CU4(~4-0H)(L 1 )](BF4h 2H2O 
2 [CU4(~4-0H)(L 1 )][(N03h 3H2O 
3 [CU4(~4-0H)(L2)][(N03h3H20 
4 [Cu4(~4-0H)(L2)][(CI04hEtOH 
5 [{CU4(~ 5-0)(L 1 )][(N03)h][N03],6H2O 
6 [{Cu4(~ 5-0)(L2)1[(N03)h][N03],5H20 
7 [(Cu4{~5-0)(L2)1[(CI04)hJ[CI04], 
Table 2.2 Tetra and octacopper complexes synthesised 
Synthesis of the tetra copper complexes using Cu(BF 4)i6H20 
In order to avoid the use of hazardous perchlorate salts analogous tetrafluoroborate 
complexes were synthesised . This preparation was similar to that of the tetracopper 
complexes previously reported(·3). [CU4(~4-0H)(L 1 )](BF4h 2H20 was prepared by 
refluxing Cu(BF4)i 6H20 and 2,6-diformyl-4-methylphenol (dfmp) with 1,5-diamino-3-
hydroxypentane (dahp) in methanol solution for 3 h. 
Characterisation 
Infrared Spectra 
Figure 2.2 is the infrared spectrum of [Cu4(~-OH)(L 1 )](N03h 3H20 , showing the 
characteristic stretches associated with these tetracopper complexes(B4). The 
macrocyclic nature of the complex was confirmed by the absence of the amine and 
carbonyl vibrations associated with the reactants and the presence of an imine 
stretch at 1642 cm·'. A band at 1566 cm·' is assigned to the C-O vibration (·5) of the 
49 
phenol. A strong broad stretch at 1384 cm-' can be assigned to the V3 (N03-) counter 
ion_ The C-H stretches of the methyl functionality of the phenol head group are 
observed at 2923 cm-'_ An envelope in the region 3400-3450 cm-' was observed in 
the spectra of all the compounds (recorded in KBr discs) but no sharp O-H stretches 
could be distinguished. 
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Figure 2.2 Infrared Spectrum of [CU.(1I-0H)(L 1 )][(N03),"3H20 
FAB Mass Spectra 
FAB mass spectrometry has proved a very valuable characterisation technique for 
the complexes of H.L 1 and H.L2. They afforded clean spectra of singly charged 
fragments of the complexes with no peaks observed for m/2 or m/3. This is 
unexpected as many of the peaks observed are derived from [M.(Ln)(OH)]3+ 
fragment of the complex. This can be explained by the reduction of some the metal 
ions from M(II) to M(I) through the course of the FAB experiment. The table below 
shows how this addition of electrons generates the +1 ion that is seen in the 
spectrum. For example [Cu.(L 1)t {+2e-} , shows the peak is attributed to the 
[Cu. (L 1 )]3+ fragment of the complex and the charge is achieved by the gain of 2e-
{+2e-}. 
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The fragmentation pattern of the FAB mass spectrum shows a peak at m/Z of 714.0 
which can be assigned to [Cu.(L 1)]3+{+2e-} confirming the formation of the 
tetracopper product. A peak at 653.1 m/Z is assigned to [Cu2(H2L 1 )(CI)]2+{+e_}, 
showing some chloride contamination in the product. The chloride ions originate 
from the chloride salt of the dahp starting material. The diamine is synthesised as 
the chloride salt as the protonated diamine is unstable. The chloride salt is 
neutralised by dissolving it in EtOH and treating it with KOH, precipitating KCI. This 
technique for the removal of chloride ions is not 100% successful , an alternative 
method for neutralisation will be discussed in the next chapter. 
Elemental Analysis 
The elemental analysis is consistent with the formation of a [Cu.(~­
OH)(L 1 )](BF.),2H20 . 
Synthesis of [Cu.(l1 )(OH)](BF .h·2H20 using the 'Stirring' method 
In general the tetra copper complexes were synthesised using reflux, however, a 
variation on this route was investigated to synthesise the [Cu.(L 1 )(OH)](BF.),·2H20 
complex. This investigation was undertaken to establish whether or not such 
demanding conditions were required to synthesise these macrocyclic complexes. 
A methanolic solution of Cu(BF.),-6H20 , dfmp, and dahp (4:2:2), was stirred for 12 
h at room temperature, the resultant precipitate was filtered, washed with diethyl 
ether and dried in vacuo to give a green/blue powder of the tetranuclear macrocyclic 
complex [Cu.(L 1 )(OH)](BF .),2H20 , as indicated by the elemental analysis (Calc for 
Cu.C2.H37N.07B3F'2 C, 31 .84; H, 3.53; N, 5.30. Found: C, 31 .92; H, 3.82; N, 5.70) 
and infrared spectra (v (C-H) 2925, v (C=N) 1640, v (C-O) 1551, v (BF.-) 1084 cm-' ). 
Whilst the overall yield was lower using this method (33 % as compared to 44 % in 
the refluxed experiment) , it was nevertheless an interesting investigation given that 
the reaction does occur without reflux. This result demonstrated that the activation 
energy for the cyclisation and complexation was lower than perhaps had previously 
been assumed and that refluxing merely improved the reaction rate. Had the stirring 
time been increased to say 24 h the yield would presumably been increased. The 
reflux technique was employed for the remaining complexes described purely for the 
improved reaction rates. 
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Description of Structures 
Figure 2.3 Structure of [Cu4(L2)(J.l4-0H)]3+ cation 
A perspective view of the cation [Cu4(J.l4-0H)(L2)]3+ of McKee's(83) complex [Cu.(J.l4-
OH)(L2)][N03h2H20 is shown in figure 2.3. The cation is centrosymmetric, with the 
central Ox on the centre of symmetry. With in the macrocyclic ring only the saturated 
carbon atoms show significant deviation from planarity and these are disordered, 
with 50% occupancy of equivalent sites on either side of the macrocycJic plane. The 
four copper(ll) ions are bound within the fully deprotonated L2 macrocycle, each 
coordinated to one imine nitrogen, one phenoxide oxygen , one alkoxide oxygen , the 
central hydroxide ion (Ox), and one axial donor (water or nitrate). 
The macrocyclic oxygen donors each bridge two copper atoms, so that the square 
plane about each copper shares two edges with the equivalent planes of the two 
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neighbouring copper atoms. The Cu ... Cu distances (3.000(1) and 2.953(1) A for 
Cu(1) ... Cu(2) and Cu(1) ... Cu(2') respectively) are quite short but non-bonding. The 
Cu-Ox bond distances are significantly longer than expected (2.082(1) and 2.127(1) 
A) and, coupled with the compressed O-Cu-Ox angles (82.2-83.8°), th is suggests 
that this bond is weaker than the other three. This may be partly a consequence of 
the unusual coordination about Ox, and also of the slight mismatch in size between 
the central cavity and the ideal Cu-Ox bond length . 
The overall charge on these tetracopper cation is +3 , the four metal(lI) ions equate 
to an +8 charge with the fully deprotonated phenol and alcohol groups producing a -
4 charge. Therefore the charge difference requires the central donor, Ox, to have 
one negative charge and it is designated OH". Hence, Ox is five coordinate and 
square pyramidal, with the hydrogen atom disordered above and below the plane of 
the macrocycle, as required by the centre of symmetry. Three pieces of evidence 
support this conclusion; the acid-base chemistry discussed later, secondly an 
examination of the thermal ellipsoids of the central core of the structure and thirdly 
comparison of similar tetranuclear complexes of other metal ions . The 
centrosymmetric symmetry of the complex then requires that Ox be disordered 
between two positions slightly above and below the ring. This is reflected in the 
elongation of the Ox thermal ellipsoid in this direction relative to the other atoms of 
the core. The X-Ray data of similar tetranuclear complexes of, for example, nickel 
which are not centrosymmetric has made it possible to locate the central OH 
hydrogen in only one position as apposed to the two positions of the 
centrosymmetric copper complexes. 
The structure of the other tetra copper complexes are similar except for differences 
imposed by counter ion coordination . 
2.3 Octacopper Macrocyclic Complexes of H4L 1 and H4L2 
SyntheSiS 
When the tetranuciear copper complexes are dissolved in non-protic solvents, or 
base is added, they undergo dimerisation by the loss of the hydroxo proton to form 
octacopper(lI) complexes which contain two CU4(f4-0) units(·3). Crystals of these 
complexes are produced by slow diethyl ether diffusion into a solution the 
tetracopper complexes dissolved in dimethylformaldehyde (dmf) treated with a base 
such as triethylamine or 2,6-diaminopyridine. 
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The structure of the [{Cu'(>L5-0 )L 1 (CIO.)h](CIO.), 2H20 cation is shown below in 
figure 2.4. 
Figure 2.4 Octacopper cation 
The structure of the octacopper complexes are usually centrosymmetric and the 
macrocyclic units remain similar to the tetranuclear mono mer. However, the central 
oxygen donor is a five-coordinate oxo anion that is displaced from the mean plane of 
the four atoms by approximately 0.29 A towards the opposite macrocyclic monomer 
The coordination sphere of Ox is completed by Cu2' (2.372(7) A), a copper ion from 
a second macrocyclic unit. This bond and the symmetry related Cu2-0x' linkage 
hold the two macrocycle units together in a centrosymmetric dimer. 
The outer faces of the dimer are blocked by perchlorate ions, which are bound , in 
tripod fashion to the copper ions not participating in the dimerisation process. This 
shows the ability of the 'open planar face ' to coordinate exogenous ligands. 
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Dimerisation of the tetra copper complex 
2 
Acid Base 
Scheme 2.1 Reversible Dimerisation of Tetracopper Complexes 
The dimerisation of the complexes is promoted by base and reversed by acid , 
monitoring the d-d band in their electronic spectrum can follow this process, as 
shown in scheme 2.1 (83) This behaviour can be ascribed to competition for the 
central atom (Ox) between protons and macrocycie-bound copper ions. Therefore in 
protic solutions such as methanol the mono mer with hydroxide at the centre is 
favoured. In less protic dmf solutions the octacopper species are preferred but the 
rate of interconversion is slow, additions of base increase the rate by promoting 
dissociation of the hydroxo proton. 
55 
2.4 Tetranickel Macrocyclic Complexes of H.L 1 and H.L2 with different 
bridging cations 
Nickel, like many other metals, forms an oxide coating when exposed to the 
atmosphere(86) The modelling of this metal surface by macrocyclic arrays could also 
provide useful insight into the methods of bonding of known corrosion inhibitors to 
metal surfaces and open up the possibility of producing more effective compounds 
for this purpose. Macrocyclic arrays can be viewed as platforms to which exogenous 
ligands may bind . These complexes may then be investigated directly using X-ray 
crystallography, a technique not possible for metal surfaces. 
Aims 
A series of tetranickel complexes have been synthesised using different 
coordinating counter ions. These reactions were carried out in ethanol by refluxing 
the appropriate nickel salt with dfmp or tdfp and dahp in a ratio of 4:2:2. The counter 
ions that can potentially coordinate are provided by the metal salts or anions 
introduced shortly after the reaction had started. The complexes investigated are 
shown in table 2.4 below. 
Complex Formula 
8 [Ni.(L2)(~.-OH)(CH3C02h(CH3C02H)(H20)17H20 
9 [Ni.(L 1 )(~-OH)(CH3C02)(CIO.hJ8H20 
10 [N i.(L2)(~-OH)(OBzhJ (CIO.) 
11 [Ni.(L 1 )(~-OH)](CF3C02h 
12 [Ni.(L2)(~-OH)J(CF3C02h 
Table 2.4 Tetranickel complexes investigated 
Acetate as a coordinating cation 
[Ni4(L2)(~4-0H)(CH3C02h(CH3C02H)(H20)] ' 7H20 was prepared by the template 
synthesis of nickel acetate with dahp and tdfp refluxed for 12 h in EtOH in a ratio of 
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4:2:2. Bright green crystals were obtained after several days by slow evaporation in 
air of a DMF:MeOH (1:1) solution of the complex. 
Description of Structure 
Perspective views of [Ni4(L2)(~4-0H)(CH3C02h(CH3C02H )(H20)] are shown in 
figures 2.5 and 2.6 with selected interatomic distances and (A) and angles (0) given 
in table 2.5. 
Figure 2.5 Perspective view of [Ni4(L2)(jJ4-0H)(CH3C02h(CH3C02H)(H20)] 
The structure of the macrocyclic core is similar to that of the tetranuclear copper 
complexes already described, the macrocycle binding the four metal ions in a planar 
fashion and providing three of the equatorialligands, phenoxo, alkoxo and imine, the 
remaining equatorial site is completed by the shared central hydroxo species (~­
OH), as the fourth donor in the square plane. 
The structure of the complex differs from the analogous tetracopper structure as the 
counter ions in this case are coordinating the metal ions. The high spin dB of the 
nickel(lI) ions prefer octahedral geometry as opposed to the copper(lI) complexes 
with a d9 electronic configuration where a square pyramidal geometry is preferred . 
The copper complexes are less likely to achieve six-coordination due to the 
elongation of the axial bonds due to the Jahn-Teller effect about the copper(II) ions. 
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Figure 2.6 Side on view of [Ni4(L2)(1J4-OH)(CH3CO,h(CH3CO,H)(H,O)] 
Three acetate groups bridge the core macrocyclic structure, each of these forms a 
three-atom bridge between a pair of nickel ions. Two of these acetates bridge 
between Ni1 ;Ni2 and Ni3;Ni4. The third acetate bridges between Ni2 and Ni3 on the 
opposite side of the macrocycle. Ni1 and Ni4 remain unbridged and an acetic acid 
(Ni4) and a water molecule (Ni1) fill their axial sites. This conformation appears to 
allow the nickel to have a geometry as near to octahedral as possible. The non-
bridging acetic acid oxygen remains protonated and is Hydrogen bonded to 02. This 
acetic acid proton forms a hydrogen bond to one of the macrocyclic alcohol oxygen 
atoms (03). The complex is neutral. 
Ni(1)-O(1) 1.986(4) Ni(1 )-N(1) 1.987(5) 
Ni(1)-O(110) 2.034(4) Ni(1)-O(2) 2.072(4) 
Ni(1)-O(5) 2.089(3) Ni(1)-O(400) 2.175(4) 
Ni(1)-Ni(2) 2.9756(9) Ni(2)-N(2) 1.992(4) 
Ni(2)·O(3) 1.982(3) Ni(2)-O(100) 2.044(4) 
Ni(2)-O(2) 2.085(4) Ni(2)-O(300) 2.087(4) 
Ni(2)-O(5) 2.114(4) Ni(2)-Ni(3) 2.9810(9) 
Ni(3)-O(4) 1.986(4) Ni(3)-N(3) 1.990(4) 
Ni(3)-O(3) 1.997(3) Ni(3)-O(200) 2.072(4) 
Ni(3)·O(310) 2.136(4) Ni(3)-O(5) 2.166(3) 
Ni (3)·Ni(4) 2.944(10) Ni(4)-O(4) 1.973(4) 
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Ni(4)-N(4) 1.982(5) Ni(4)-0(1) 2.005(4) 
Ni(4)-0(210) 2.089(4) Ni(4)-0(5) 2.148(3) 
Ni(4)-0(50) 2.087(5) 
0(1 )-Ni(1 )-N(1) 92 .46(18) 0(1 )-Ni(1 )-0(2) 171.33(15) 
N(1 )-Ni(1)-0 (2) 95.45(17) 0(1 )-Ni(1 )-0 (5) 85.62(15) 
N(1 )-Ni(1 )-0(5) 175.94(16) 0(2)-Ni(1)-0 (5) 86.26(14) 
0(3)-Ni(2)-N(2) 93.04(16) 0(3)-Ni(2)-0(2) 173.27(14) 
N(2)-Ni(2)-0(2) 93.69(16) 0(3)-Ni(2)-0(5) 87.98(14) 
N(2)-Ni(2)-0 (5) 177.88(17) 0(2)-Ni(2)-0(5) 85.29(14) 
0(4)-Ni(3)-N(3) 96.69(17) 0(4)-Ni(3)-0(3) 170.55(15) 
N(3)-Ni(3)-0(3) 92 .68(1 7) 0(4)-Ni(3)-0(5) 84.36(14) 
0(3)-Ni(3)-0(5) 86.20(14) N(4)-Ni(4)-0(1 ) 91.94(17) 
0(4)-Ni(4)-0(1 ) 167.31(16) 0(4)-Ni(4)-0(5) 85.21(1 4) 
N(4)-Ni(4)-0(5) 174.31(17) 0(1 )-Ni(4)-0(5) 83.59(14) 
N(4)-Ni(4)-0(50) 88.21 (18) 0(5)-Ni(4)-0(50) 87.89(15) 
C( 1 OO)-O( 1 00)-Ni(2) 128.2(3) C(1 00)-0(1 00)-Ni(1) 127.9(4) 
C(200)-0(200)-Ni(3) 126.8(4) C(200)-0(210)-Ni(4) 126.2(4) 
0(200)-C(200)-0(210) 125.9(5) C(300)-0(300)-Ni(2) 124.9(4) 
C(300)-0(300)-Ni(3) 126.6(4) 0(310)-C(300)-0(300) 126.3(5) 
C(400)-0(400)-Ni(1) 127.5(4) O( 400)-C( 400)-0 ( 410) 124.1(5) 
Table 2_5 Selected interatomic distances and (A) and angles (0) for [Ni4(L2)(1J4-
OH)(CH3CO,h(CH3C02H)(H,O)17H2O 
Characterisation 
Infrared Spectrum 
The macrocycl ic nature of the complex was confirmed by the absence of the amine 
and carbonyl vibrations associated with the reactants and the presence of an imine 
stretch at 1639 cm-'(84). A band at 1592 cm-' is assigned to the CoO vibration(85) of 
the phenol. An envelope in the region 3429 cm-' was observed (recorded in KBr 
discs) but no sharp O-H stretches could be distinguished. The bridging nature of the 
acetato groups is shown by bands due to the asymmetric and symmetric stretches 
of co-ordinated carboxylate groups(8?) at 1436 - 1408 cm-' . 
FAB Mass Spectra 
The FAB mass spectrum (Figure 2.7) shows three main peaks assigned to different 
fragments of the tetranickel complex. The pattern shows the loss of the acetate 
groups to give a main peak corresponding to the fragment [Ni4(L2)(14-
OH)(CH3C02)]2+ 
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m/Z 
822 .2 
881 .3 
941 .3 
Figure 2.7 FAB mass spectrum of [Ni4(L2)(1l4-
OH)(CH3CO,h(CH3CO,H)(H,O)]7H,O 
ReI. Intensities Fragment 
20 [Ni3(L2)(OH)(CH3C02H)f 
100 [Ni4(L2)(OH)(CH3C02)f 
5 [Ni4(L2)(OH)(CH3C02) CH3C02Hf 
Table 2.6 FAB mass peak table for [Ni4(L2)(1l4-
OH)(CH3CO,h(CH3C02H)(H20)]7H,O 
Acetate and Perch/orate as counter ions 
[Ni4(L 1 )(u-OH)(CH3CO,)(CIO.h]"8H,O 
Calc. m/Z 
823.86 
882.55 
941 .6 
An attempt was made to synthesise a tetranuciear complex with fewer acetate 
coordinating ions to enable a comparison of the bridged and non-bridged 
complexes. The synthesis of [Ni4(L 1 )(1l-0H)(CH 3C02)(CI04M8H20 was similar to 
[Ni4(L2)(1l4-0H)(CH3C02h(CH3C02H)(H20)]7H20 using a mix of nickel perchlorate 
and nickel acetate in a 1:1 ratio . 
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Characterisation 
Elemental analysis and FAB mass spectra data of product confirm that the 
tetranickel complex Ni. (L 1 )(IJ-OH)(CH3C02)(CIO.),-8H20 containing both 
perchlorate and acetate has been successfully synthesised . 
Infrared Spectrum 
The macrocyclic nature of the complexes was confirmed by the absence of the 
amine and carbonyl vibrations associated with the reactants and the presence of an 
imine stretch at 1642 cm-'(84) A band at 1552 cm-' is assigned to the CoO 
vibration(65) of the phenol. An envelope in the region 3400-3450 cm-' was observed 
in the spectra of all the compounds (recorded in KBr discs) but no sharp O-H 
stretches could be distinguished. The bridging nature of the acetate groups is shown 
by bands due to the asymmetric and symmetric stretches of co-ordinated 
carboxylate groupS(67) at 1409-1384 cm-' , and the V3 (CIO.) vibrations occur at 1089 
cm-' . A broad stretch at 3387 cm-' indicated the presence of water in the product. 
FAB Mass Spectra 
m/Z ReI. Intensities Fragment Calc. m/Z 
738 12 [Ni.(L 1 HOH)] 740.36 
773 10 [Ni.(L 1 HOH)](H2O), 776.39 
797 38 [Ni.(L 1 )(OH)](CH3C02) 799.40 
837 6 [Ni.(L 1 HOH)](CIO.) 839.80 
Table 2_7 FAB mass peak table for Ni.(L 1 )(Il-OH)(CH3C02)(CIO.),·SH20 
Table 2.7 shows the FAB mass peaks for the product. Peaks at 797 and 837 m/Z 
reveal that product contains [Ni.(L 1 HIl -OH)](CH3C02) and [Ni.(L 1 HIJ-OH)](CIO.) 
fragments respectively . 
Attempts were made to recrystallise the product by slow ether diffusion into a 
solution of the product in MeOH. Recrystallisation was also attempted by allowing 
slow evaporation by air of a DMF:MeOH (1: 1) solution of the complex. Unfortunately 
neither method afforded any crystals suitable for X-Ray analysis. 
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The resulting formula attributed to the complex, Ni.(L 1 )(~-OH)(CH3C02)(CIO.),·8H20 
is thought most likely to be correct, this is confirmed by elemental analysis (Calc for 
Ni.C30H52N. 0 23CI2 C, 31 .54; H, 4.58; N, 4.90. Found C, 31 .90; H, 4.28; N, 4.61). 
Benzoate as a coordinating cation 
llii.(L2)(u-OH)(OBzhl(CIO.1 
[Ni.( L2)(~.-OH)(OBz),](CIO.) was prepared by refluxing tdfp with nickel perchlorate, 
and neutralised dahp in an ethanol solution, excess sodium benzoate was added to 
the refluxing mixture after 20 mins and the reaction continued overnight. 
Unfortunately no crystals suitable for X-ray analysis were produced. 
Characterisation 
Infrared Spectrum 
The macrocyclic nature of the complexes was confirmed by the absence of the 
amine and carbonyl vibrations associated with the reactants and the presence of an 
imine stretch at 1640 cm-'(84) A band at 1570 cm-' is assigned to the C-O 
vibration(65) of the phenol. An envelope in the region 3400-3450 cm-' was observed 
in the spectra of all the compounds (recorded in KBr discs) but no sharp O-H 
stretches could be distinguished_ Vibrations at 1404 cm-' show the coordination of 
benzoate(67) counter ion but reveal little detail about the nature of the coordination_ 
The V3 (CIO.) vibrations occur at 1120 cm-I . 
FAB Mass Spectra 
Figure 2.8 shows the FAB mass spectrum of the product with table 2.8 giving the 
m/Z and relative intensities of the fragment peaks. The spectrum shows the 
sequential loss of two benzoate groups, this proposed formula i.e. [Ni.(L2)(~.­
OH)(OBz),](CIO.), is consistent with the elemental analysis data. 
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Figure 2.8 FAB mass spectrum of [Ni.(L2)(1l-0H)(OBzhl(CIO.) 
m/Z ReI. Intensities Fragment Calc. m/Z 
764.2 29 [Ni3(L2)(1l-0 )] 764.82 
821 .3 64 [Ni.(L2)(1l-0)] 823.51 
886.5 17 [N i3(L2 )(11-0)( OBz)] 885.93 
927.2 13 [Ni.(L2)(1l-0H)](CI0.) 923.97 
942.9 100 [Ni. (L2)(1l-0)( 0 Bz)] 943.62 
988.1 45 [Ni3(L2)(1l-0H)(OBz)](CI0.) 986.39 
1065.4 10 [Ni.(L2)(1l-0 H)(OBz), 1063.72 
1110.2 12 [Ni3(L2)(1l-0 H)(OBz),(CI0.) 1109.3 
Table 2.8 FAB mass peak table for [Ni.(L2)(1l-0H)(OBz)21(CIO. ) 
Similar Complexes 
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The potential for benzoate to bridge this type of complex has been observed in the 
tetra manganese complex of H4L3, [Mn4(L3)(0)(PhCOOh]CI0 • .4H20 (88) shown below 
in figure 2.9, where three benzoate ions bridge the manganese ions (H.L3 is 
synthesised from a reaction of 2,6-diformyl-4-methoxyphenol and dahp). 
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One bridging benzoate bridges diagonally opposite metal ions Mn1 :Mn4 and the 
other bridges two side by side metal ions Mn1 :Mn2. A third benzoate molecule 
coordinates to Mn3. The macrocycle is distorted from the planar geometry, by 
bending along the saturated side chains to accommodate the preferred geometry of 
the metal ions. The nickel complex with benzoate ligands would probably not have 
the same structure as this manganese complex as the nickel geometry would prefer 
the macrocycle to remain planar. The tetra manganese complex is mixed valence 
therefore the Mn2• ions have longer bond lengths than a Ni2• complex as a 
consequence a benzoate bridging diagonally opposite metal ions would not be 
observed in a Ni2• complex. 
Figure 2.9 [Mn.(L3)(O)(PhCOOh]CIO.·4H20 
The FAB mass spectrum of this complex gave peaks m/z at 1086.3 (100) 
[Mn.(L3)(O)(PhCOOhJ, m/z 965.3 (68) [Mn.(L3)(O)(PhCOOhJ, m/z 842 .5 (11 ) 
[Mn. (L3)(O)(PhCOO)], indicating the sequential loss of benzoate ions. 
Therefore as benzoate is able to bridge metals within the H4L3 complex having 
similar metal to metal distances as a [Ni4(OH)(L2)] complex and nickel has proven to 
read ily coordinate the structurally similar acetate bridging cation it can be deduced 
that benzoate is in some way bridging the nickel ions in this complex. 
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Triffuoroacetate as a coordinating cation 
[Ni.CL 1 )(u-OHl1/CF3CO,h &lli.j./L2)(uOH)](CF3CO,h 
An attempt was made to synthesise tetra nickel complexes of H. L 1 and H.L2 with 
trifluoroacetate as a bridging ligand following a similar method to that of the 
benzoate complexes replacing the sodium benzoate with sodium trifluroracetate. 
Unfortunately the products remained very sticky even after several washings in 
various solvents and several days in a desicator. Infra-red spectra of the products 
showed broads peaks and none of the peaks associated with the successful 
formation of the macrocycle were observed. FAB spectra of the product gave no 
significant peaks over 400 m/Z and the elemental analysis does not provide any 
insight to the chemical make up of the complexes. These results suggest that the 
macrocyclic product has not formed , as there is no evidence of the presence of a 
the macrocyclic product. 
It is unclear why the complexes haven't formed . A possible reason could be that the 
bulky trifluoroacetate groups prevent the nickel ions coming close enough to for a 
tetranuclear complex and bridge them in a similar manner to that of the acetate 
complexes. Without any X-Ray data it is very difficult to ascertain the exact 
composition of the product. 
2,5 Conclusion 
The synthesis of [2+2J macrocycles of H.L 1 and H. L2 formed by the template 
condensation of 4-methyl-2,6-diformylphenol or 2,6-diformyl-4-tertbutylphenol with 
1,5-diamino-3-hydroxypropane upon copper and nickel metal ions has proven 
successful for a range of counter ions. 
The results of the 'refluxing' and 'stirring ' routes to synthesise the tetracopper 
complexes show the activation energy of these cyclisation reactions to be lower than 
first expected and that these reactions can occur quite easily at room temperature. 
These tetra nuclear complexes themselves have a number of interesting qualities 
namely; 
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the ability of the tetranuclear copper complex to dimerise and form 
octacopper complexes; a phenomenon that occurs in some of the 
complexes studied 
the ability of the metal ions within the macrocyclic liga nd to bind axial 
ligands to the tetrametallic array, potentially mimicking the action of a 
catalyst surface 
the macrocyclic ligand is flexible enough to allow the preferred metal 
geometry of both the copper(lI) (d9, five coordinate, square pyramidal) 
and nickel(lI) (de, six coordinate, near octahedral) metal ions 
The structures and characterisation of these H4L 1 and H4L2 complexes afford useful 
information when using this ligand to synthesise a variety of complexes. The 
information collected here helps in the interpretation of the synthetic pathways and 
structures of novel complexes synthesised in subsequent chapters. 
The spectral information gained from this set of tetranuclear complexes gives some 
characteristic patterns which will help identify further complexes. In particular the 
characteristic infrared stretches associated with ligand formation and the M+ m/Z 
peaks in the FAB mass spectra prove to be important when characterising variants 
of these complexes. A detailed study of the solid state electrochemistry of the tetra-
and octacopper complexes will be discussed in chapter VI. 
Since work began on these tetranuclear complexes interest has grown in the ability 
of the H4L 1 and H4L2 ligand to act as a dinucleating ligand with two sites remaining 
vacant. The next chapter investigates this. 
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CHAPTER III 
The Interaction of Dinuclear complexes of 
H4L 1 and H4L2 with exogenous ligands 
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3.1 Introduction 
It has been shown previously that it is possible to use ligands H4L 1 and H4L2 to 
successfully synthesise tetranuclear macrocyclic complexes of Mn(43), Co(<<), Zn(45), 
CU (83) and Ni(82). This gives rise to the question of the ligand's ability to coordinate two 
different metal ions at the same time and whether or not this can be done in a controlled 
manner. The aim of the investigation to be discussed in this chapter was to find suitable 
dinuclear complexes , which can act as precursors for heterotetranuclear complexes. 
Background 
This investigation was instigated in 1991 by McKee and Tandon(83) who published the 
structure of an unusual tetranuclear complex [Cu4(Il-N3),(L2)(Il-N3hl2CH30H. This 
complex was prepared by refluxing a solution of the preformed tetranuclear hydroxo 
complex with NaN3 for approx 5 mins and leaving to stand at room temperature 
overnight. The centrosymmetric structure of the complex is shown in figure 3.1 below. 
Figure 3.1 Perspective view of [Cu'(Il-N3),(L2)(N3hl 
This complex is different from the tetracopper complexes previously discussed, as it 
does not contain a central oxygen donor, the 1l4-hydroxo ligand has been replaced by 
two Il-azido ligands which lie on each side of the macrocyclic plane. The two 
independent copper atoms have very different coordination environments. Cu1 is four 
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coordinate, bonded to alkoxo, phenoxo, imine and fl-azido donors with somewhat 
irregular geometry. Cu2 is five coordinate, having an additional terminal azido ligand. 
The geometry about Cu2 is approximately square pyramidal but the axial donor is the 
phenoxy oxygen atom rather than the terminal azide. There is a marked difference 
between the singly and doubly bridged copper-copper distances [Cul -- Cu2 3.460(1), 
Cu1 - Cu2' 3.045(1) A] and also the diagonal distances [Cu1 -- Cu1 ' 4_10(1), Cu2 -- Cu2 ' 
5.05(1) A] 
The structure of complex [CU'(fl-N3),L2(N3),]"2CH30H demonstrated that the central 
oxygen donor is not required to maintain the tetracopper(lI) structure and that the fl.-OH 
could be replaced. Thus it is possible to vary the central species and , by incorporating 
larger bridging species, force the copper ions apart and disrupt the geometry of the 
complex. 
Alternative Bridging Groups 
An investigation into the ability of benzotriazole (bta) and pyrazole (pyr) to act as two 
atom bridging species was undertaken. The anions of these molecules contain potential 
coordinating nitrogen atoms within their structures, only two of the three nitrogen ions 
would coordinate to the metal ions at anyone time. The copper ions have already 
shown their ability to coordinate axial nitrogen ions, therefore these anions could prove 
to be good bridging species. A series of complexes have been synthesised in the 
course of this work, table 3.1 below, to investigate this possibility. 
Complex Formula 
13 ([Cu2(H3L2)(fl-bta)]2Cu(CI),} (CIO.), 
14 [Ni2(H3L2)(fl-bta)] (CIO.),4H20 
15 [Ni2(H3L2)(fl-pyr»)(CIO.),-dmf"3H2O 
Table 3.1 Two Atom Bridged Complexes Investigated 
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3.2 Dinuclear Complexes of H.L 1 and H.L2 containing a Benzotriazolate ligand 
The preliminary investigation into the possible coordination of benzotriazole to the 
surface of the tetranuclear Cu(lI) complex was undertaken by Melvin, Kruger and 
McKee(89). The synthetic process was similar to that of the tetraazide complex, by 
dissolving the tetra copper precursor in MeOH and adding benzotriazole in a methanolic 
solution , producing a dark green coloured solid that was isolated directly from the 
reaction . However the results of reaction were markedly different to that of the azido 
complex. The infrared spectrum of the solid contained two bands at 1655 and 1635 cm-
" indicating the presence of two dissimilar imine moieties. The FAB mass spectrum 
indicated a dinuclear entity as peaks were attributed to the sequential loss of 
tetrafluoroborate and the benzotriazole entities to give the main peak corresponding to 
the fragment [Cu2L 1 r. This peak was not present in the tetracopper starting material. X-
Ray analysis of the product confirmed that a dinuclear macrocyclic compound 
containing a benzotriazolate ion bridging two Cu(lI) ions had been formed. 
2+ 
Figure 3.2 Benzotriazolate acting as a two atom bridge 
This complex can be viewed as resulting form the previously characterised [Cu.L 1 (~­
OH)]' · core by the loss of two copper ions and replacement of the central hydroxide by 
benzotriazole. The macrocycle is bent significantly in order to accommodate the quite 
bulky two-atom bridging group. It is assumed that benzotriazole ligand coordinates to 
the surface of the planar surface of the complex via one of the nitrogen donors. Then, a 
deformation needs to occur in the planar array in order to coord inate the two nitrogen 
atoms simultaneously. This is bridging is achieved by the buckling of the macrocycle to 
accommodate the bridging species. This deformation renders the macrocycle incapable 
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of coordinating an additional two copper atoms and hence they are displaced from the 
cavity. Launayl90) named this method of synthesising dicopper complexes as the 
'disruptive' method. Whereby the tetranuclear array is disrupted by the diatomic 
bridging group and two metal ions are displaced along with the central OH group. This 
is quite different to what is seen when azide is used as a single-atom bridging species. 
The macrocycle is able to accommodate two bridging azide ions and the four copper 
ions simu~aneously. This is accounted for by the difference in size of the bridging 
species . 
Direct Method 
Kruger91 ) went on to attempt a 'direct synthesis' in which the dicopper complex is 
produced is a one-step reaction. This is done by reacting Cu(BF.h , dfmp, dahp and 
Hbta together in the ratio 4:2:2:2. 
Fig 3.3 The pentanuclear complex of ligand H.L 1 
X-ray data revea led that not only had the dinuclear fl-benzotriazo late fragment been 
prepared, but also that two dicopper fragments were further coord inated to a fifth 
copper ion to form the pentanuclear complex shown in figure 3.3 below. Cu3 has 
distorted pyramidal geometry and is coordinated to the third nitrogen of the trizole 
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species, with further bridging provided by two chloride ions. (The chloride ions being a 
contaminant from dahp) . A dmf group is coordinated to the apical position. 
These reactions proved successful for synthesising dinuclear complexes of the 
benzotriazolate complex, however, in each case two molar equivalents of copper ions 
are not used in synthesis of the macrocyclic complex and are therefore wasted . 
nCu2{H3L2)(u-bta)/2Cu{Cl)h(CIO.12 
These reactions have now been modified to use stoichiometric amounts of ligand and 
metal ions synthesise the bridged macrocyclic complex. 
Synthesis 
The direct synthesis of a [CU2(fl-bta)(H3L2)](CIO.j, has been carried out by reacting a 
2:2:2 ratio of Cu(CIO' )2, tdfp and neutralised dahp in a MeOH solution with excess 
benzotriazole (Hbta) dissolved in MeOH being added shortly after starting the reaction. 
Crystals suitable for X-Ray diffraction analysis were obtained by slow diffusion of diethyl 
ether into a solution of the complex in methanol. 
Characterisation 
Infrared spectrum 
Figure 3.4 shows the infrared spectra of ([Cu2(H3L2)(fl-bta)j2Cu(CI)h(CIO.j,. The 
spectrum shows a strong band at 1655 cm-' and a slight shoulder at 1631 cm-' . These 
two bands are both tentatively assigned to the imine vibrations(" ) of the final product 
and are very probably explained by the loss in symmetry in the dicopper complex. Two 
of the four imine nitrogen atoms are coordinated to a copper ion whereas the other two 
are simply protonated . A band at 1546 cm-' is assigned to the CoO vibration of the 
phenol(·5). The tertiary butyl functionality of the phenol head is obseNed at 2956 cm-' . 
Vibrations associated with coordinated benzotriazole are obseNed at 1384 - 1364 cm-' 
and a broad stretch at 1097 cm-' is assigned to the CIO.- counter ions. 
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Figure 3.4 The infrared spectra of {[Cu2(H3L2)(Il--bta)],Cu(CI)h(CIO.j, 
FAB Mass spectra 
The FAB mass spectra confirm the synthesis of a dicopper complex containing a 
bridging benzotriazolate ion. 
The main peak at 699.1 mllZ (reI. inl. :100%) corresponds to [Cu2(H3L2)]3' . Several 
other peaks are observed and their assignments given in table 3.2 below. Most notable 
are the fragments at 881 .2 and 919.9 m/Z assigned to [Cu3(H3L2)(Il--bta)] and 
[Cu3(H3L2)(Il--bta)(CIO.)] respectively, indicating the presence of a third copper ion . 
mlZ Rellntensities Fragment Calc. mlZ 
699.1 100 [Cu2(H3L2)] {-H } 700.85 
736.3 43 [Cu,(H3L2)(CI)r {-H} 737.31 
800.5 28 [Cu2(H2L2)(CIO.)] 801 .31 
819.2 40 [Cu,(H2L2)(wbta)f' {+e-} 819.98 
881 .2 8 [Cu3(L2)(Wbta)] " {+e-} 881 .51 
919.9 19 [Cu3(H3L2)(fl-bta)(CI)] , {+3e-} 919.98 
Table 3.2 FAB mass peak table for pentanuclear complex of L2 
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The infrared and FAB mass spectra are very useful reliable methods for identifying 
these products as they have quite distinctive patterns for the dicopper Il-benzotriazolate 
complexes. 
Description of Structure 
The X-ray analysis of the crystals confirmed that a complex containing a diatom bridge 
has been successfully synthesised. The complex consists of two dicopper fragments 
further coordinated to a fifth copper ion in the pentanuclear complex. The structure of 
{[Cu2(H3L2)(Il-bta),Cu(CI)2} is shown below in figure 3.5 with selected bond lengths and 
angles given in table 3.3. 
The complex consists of two dinuclear subunits that are connected via a central copper 
ion Cu3. Cu3 has square planar geometry and coordinates to the third nitrogen in both 
triazolate anions in a trans fashion with chloride ions making up the remaining 
coordination sphere. 
The structure of the two dicopper subunits is similar to those of the L 1 complex where 
each copper ion is coordinated to an imine , alkoxo and phenoxo group from the 
macrocycle and bridged by two of the benzotriazolate nitrogen atoms. The copper ions 
are situated along the unsaturated edge of the macrocycle cavity. They are linked by a 
two-nitrogen bridge from the benzotriazolate ion and also an alkoxo oxygen from the 
macro cycle . 
The structure of the pentanuclear complex is quite different than Kruger's(91) complex. In 
this case the two macrocyclic units are stacked one on top of the other in a 'fish-bone' 
arrangement, were as in Kruger's(91) case the two of the macrocycle phenol head units 
face each other, with the macrocycles bending away from each other in a butterfly 
shape. It is possible that for L2 the tertiary butyl groups are too bulky to allow the 
phenol head units to come close to one another. The geometry Cu3 is different in both 
cases also, for L 1 the Cu3 is square pyramidal with a dmf molecule coordination to the 
apical position. However in the L2 complex Cu3 is square planar. In Kruger's complex 
the macrocycle bound Cu1 and Cu2 ions are coordinating to the chloride ions bound to 
Cu3 whereas in the L2 complex Cu1 and Cu2 remain with in a Cu-CI bond distance but 
are not formally bonded to the chloride ions. 
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Figure 3.5 Perspective view of {[Cu2(H3L2)(I-'-bta)]2Cu(CI),} 
Cu1-N1 1.90(2) Cu1·01 1.978(13) 
Cu1-N41 1.926(16) Cu1-02 1.949(15) 
Cu2-02 1.94(2) Cu2-0 3 1.963(16) 
Cu2-N2 1.90(3) Cu2-N40 1.991(16) 
Cu3-N42 2.052(16) Cu3-N(2' 2.052( 16) 
Cu3-C11 2.274(6) 
N1 -Cu1 -02 92.2(7) N1-Cu1 -02 97.5(8) 
02-Cu1-01 1614(8) N1 -Cu1-N41 170.1(15) 
02-Cu1 -N41 88.9(6) 01-Cu1 -N41 88.9(6) 
02-Cu2-03 162.6(6) 02-Cu2-N2 101 .1(11) 
03-Cu2-N2 89.7(1 1) 02-Cu2-N40 84.3(7) 
03-Cu2-N40 88.2(7) N2-Cu2-N40 166.3(10) 
N42-Cu3-N42' 180.0(9) N42-Cu~CI 1 ' 91.2(5) 
N42'-Cu3-CI1 ' 88.8(5) CI1 '-Cu3-CI1 180.0(2) 
Table 3.3 Selected Bond Lengths (A) and Angles (0) of {[Cu2(H3L2)(I-'-bta)]2Cu(CI),} 
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Figure 3.6 View of ([Cu2(H3L2)h.l-bta)],Cu(CI),} 
Fig 3.3 Kruger's pentanuclear complex of ligand H.L 1 
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Figure 3.6 shows how the macrocycle itself is significantly distorted from the original 
planar geometry of the tetracopper complex, in order to accommodate the quite bulky 
diatomic bridging group. The macrocycle is only monodeprotonated but, as observed in 
other related systems{92-94), the phenolic protons have transferred to the non-
coordinated imine groups. The cation thus has two vacant, but protonated , coordination 
sites, somewhat blocked by the presence of the benzotriazolate ligand. The geometry 
at each copper ion is distorted from the square planar towards tetrahedral to 
accommodate the two-atom bridge between the two copper ions. The Cu··· Cu distance 
is approximately 3 A. A marked twist in the saturated section of the macrocycle is 
similar to that observed in a non-cyclic structure with the same set of donors(95) and is 
therefore likely to be imposed by the bridge rather than the macrocyclic nature of the 
ligand . 
This direct synthesis of [2+2J Schiff-base macrocyclic complexes of H4L 1 and H4L2 
upon copper ions, using stoicheiometric quantities of reactants has proven to be an 
effective method of synthesising dicopper complexes containing benzotriazolate 
bridging . 
[NiiH,L2)(Bta)l(CIO.J.·4H20 
During the course of this work we began to investigate the synthesis of an analogous 
nickel complex with benzotriazolate bridging . From the findings of the previous dicopper 
complex synthesis a direct synthetic route using stoichiometric equivalents of starting 
materials was used. Nickel perchlorate, tdfp, dahp (2:2:2), with excess benzotriazole 
being added shortly after the reaction started , in a MeOH/EtOH solvent mix_ An attempt 
was made to recrystallise the green product by slow evaporation of diethyl ether into a 
MeOH solution of the complex and by slow evaporation in air of a 1:1 dmf:MeOH 
solution of the product, however, no crystals suitable for X-Ray diffraction analysis were 
obtained_ 
Characterisation 
Infrared spectra 
The infrared spectrum is similar to that of the dicopper benzotriazole complex, 
possessing a split imine peak at 1656 and 1637cm-' (84), a band at 1534 cm-' is assigned 
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to the C-O vibration of the phenol(851, tertiary butyl functionality of the phenol head is 
observed at 2962 cm-' and the perchlorate counter ion stretch located at 1087 cm-'. A 
sharp stretch at 1384 cm-1 is assigned to the benzotriazole anion. The infrared 
confirms that a dinuclear complex containing benzotriazole has been synthesised. 
FAB mass spectra 
The FAB mass spectrum was poor showing no significant clusters over 490.2 m/Z. This 
is not necessarily indicative of the lack of formation of the complex, but may be due to 
the complex not ionising well in the FAB experiment, which is the case for some of 
these macrocyclic complexes in this investigation . 
Elemental analysis 
Elemental analysis supports the successful synthesis of a dinickel complex containing a 
benzotriazole molecule having the molecular formula [Ni,(H3L2)(Bta)](CIO,j,'4H, O. 
Unfortunately with no X-Ray data and poor results from the FAB mass spectra it is hard 
to say with any certainty if the dinuclear bridged complex has definitely formed and 
what the structure of that complex might be. However, the infrared and elemental 
analysis data both support the formation of a dinickel complex with a benzotriazole 
group coordinated is some manner. 
3.3 Dinuclear Complexes of H,L 1 and H,L2 containing a Pyrazolate ligand 
Kruger 961 began the investigation into the possibility of using pyrazolate as a two atom 
bridging ligand. He followed a similar method to that of the direct synthesised used in 
the benzotriazolate case condensing dfmp, daph , in the presence of Cu(BF,)i 6H,O in 
the ratio 2:2:4 and excess pyrazole (Hpyr) in MeOH/EtOH 1: 1, yielding a green powder. 
This synthesis generated two crystalline products. The major component (ca. 80%) 
consists of red-green dichroic crystals of formula [Cu' (I1-pyr)(H3L 1 )](BF,),'MeOH, and a 
minor amount (ca . 5%) of a dark green complex, [CU' (I1-pyr),(L 1)](BF,j, was also 
isolated , figures 3.7 and 3.8 show perspective views of the cations of these complexes. 
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Figure 3.7 [Cu2(Il-pyr)(H3L 1 )]2+ 
Preliminary experiments using nickel perchlorate to synthesis a dinickel equivalent 
complex have yielded similar results. 
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[Ni,(H3L2)(pyr)](CI04 ),·DMF-3H20 
Synthesis 
From the findings of the previous studies with benzotriazole, direct synthesis using 
stoichiometric amounts of the reactants was selected as the preferred synthetic route . 
Nickel perchlorate was reacted with tdfp and dahp , in a 2:2:2 ratio , were refluxed 
together in a MeOH/EtOH solvent mix, pyrazole was added shortly after the reaction 
had started , producing a pale green powder. 
Characterisation 
Infrared spectra 
Two bands situated at 1636 and 1658 cm-l (B' ), were observed and are attributed to the 
unsymmetrical imine stretches. This has been shown in the previous dicopper 
complexes to indicate the formation of the dinuclear complex containing two different 
imine coord ination environments, one set of imines is coordinated to the nickel ions and 
one set is protonated. 
FAB mass spectra 
The FAB mass spectra, shown below in figure 3.9 supports the successful synthesis of 
a dinickel complex with a bridging pyrazolate ion. The main peak (reI. int.: 1 00 %) 
corresponds to [Ni2(H3L2)]2+, a second peak (reI. int.: 23 %) corresponds to a 
[Ni2(L2)(pyr)](CI04 ) fragment. No other peaks of any significance were seen is the FAB 
mass spectra . 
m/Z Rei Intensities Fragment Calc. mlZ 
689.3 100 [Ni2(L2)] {Hi 690.13 
859.3 23 [Ni2(H3L2)(pyr))(CI04)+ 859.67 
Table 3.4 FAB mass peak table for [Ni,(H3L2)(pyr)](CI04),·DMF-3H20 
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Figure 3.9 FAB mass spectra of [Ni,(H3L2)(pyr)](CIO.h"DMF·3H20 
Unfortunately no crystals suitable for X-ray crystallography were grown, but we can 
deduce from the infrared and FAB mass spectra that a dinickel complex with a 
pyrazolate bridging group has in fact been formed. This is supported by the elemental 
analysis; calc for Ni2C4oH.3N70 ,.CI2 C, 44 .23; H, 5.85; N, 9.03. Found C, 43.93; H, 6.01; 
N, 8.89. 
Reaction Pathways 
Scheme 3.1 shows the two possible synthetic pathways for the formation of dinuclear 
bridged species. Over the course of investigating these reactions it has been noted that 
the 'direct' synthesis seems to give better results in terms of both purity and yield. When 
both reactions are repeated , the disruptive method can give a quite signif icant amount 
of unreacted tetracopper complex, which can be difficult to separate from the final 
product, whereas the direct method gave the desired product clean and with reasonable 
yield every time. 
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The disruptive method 
('y'j 
CI-NH3' OH CI-NH/ 
2CuX2 
• 
HMOL 
The direct synthesis 
HMOL = Hpyr or Hbta 
R = CH3 or C(CH3)3 
Scheme 3_1 Possible pathways to dicopper complexes of ligand H. L 1 and H. L2 
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Conclusion 
These reactions have provided some interesting and useful results. We have 
discovered that the macrocycle has the ability to accommodate a two atom bridging 
group to form dinuclear complexes. This yields two empty, if protonated , coordination 
sites having the potential to coordinate two further metals. The flexibility of the 
macrocycle is also displayed by its ability to bend to accommodate the bulky bridging 
groups. These reactions have also shown the metal ion 's ability to coordinate 
exogenous ligands. 
The synthesis of dinuclear macrocyclic complexes with bridging benzotriazolate 
appears to be quite simple and straightforward. Using either the 'disruption' method or 
the 'direct synthesis', the interaction of the tetra copper complex with the Hbta leads to 
the formation and isolation of a dicopper complex containing one benzotriazolate 
bridging between the two copper ions. The direct synthesis route is an efficient method 
of synthesising clean samples of these complexes. 
These dinuclear complexes show some interesting patterns in their infrared and FAB 
mass spectra . The presence of a split imine stretch in the infrared spectra gives an 
indication of the structure of the complex synthesised and is a useful method of 
ascertaining if the reaction has been successful or not. The FAB mass spectra also give 
characteristic fragmentation pattems of these dinuclear complexes. 
The results of the reactions using nickel(lI) ions are interesting but further investigations 
are needed to establish whether or not these complexes would be suitable precursors 
to heteronuclear complexes . 
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3.4 Dinuclear Complexes of H.l1 and H.l2 containing a Hydroxo ligand 
The presence of chloride ions within the reaction mixtures of complexes of H4l1 and 
H4l2 has been known for quite some time(" >' The source of the chloride ions is thought 
to be the 1 ,5-diaminopentane-3-01 dihydrochloride, when not all the chloride ions have 
been removed. The extent of the impact of chloride ions on the synthesis of complexes 
of H.L 1 and H.L2 was highlighted by Wikaira(97), whilst trying to make tetracobalt 
complexes. Instead of the expected tetracobalt complex being synthesised a dinuclear 
complex, shown in figure 3.10, in which the two metals were found in diagonally 
opposite sites bridged by two chloride ions . 
Figure 3.10 Structure of Wikaira's diagonal dicobaltdichloride complex 
It appears that the standard method to exclude KCI from the reaction mixture was not 
completely successful and a non-negligible amount of KCI was present in the reaction 
mixture. The chloride ions are having a considerable impact in the reaction and 
potentially interfering to the extent of preventing isolation of the desired complexes . 
Launay<81 ) began to investigate an alternative, more effective, method of removing the 
chloride ions from the reaction mixture . This involved dissolving the ch loride salt of 
dahp in minimum amount of water then neutralising it with KOH, AgN03 was then 
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added to the solution precipitating out the chloride ions as AgCI. As soon as AgN03 
was added, a white precipitate formed , which is assumed to be AgCI. 
Using this new technique Launay<81 ) attempted to synthesis the dicopper I!-pyrazolate 
complex using the direct synthesis methodology. The reaction lead to some unexpected 
results . After subsequent work up green crystals suitable for X-ray structure 
determination had formed . The X-ray structure revealed that the dicopper I!-pyrazole 
had not been formed but a dicopper complex with a I!-hydroxo ligand was in fact the 
product of the reaction (figure 3.11). 
2+ 
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N 0 NH 
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0 OH HO 
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Figure 3.11 Dicopper I!-hydroxo bridged complex 
The isolation of this dinuciear complex of H,L 1 containing a Il-hydroxo bridging group 
proved to be a very significant step towards the route to heterotetranuclear complexes 
as a dicopper complex with two unblocked vacant coordination sites had been isolated . 
For this reason much of the dinuciear investigations focused on the synthesis and 
isolation of this complex. 
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This work described in th is section is an extension of Launay's(81 ) studies of the 
synthesis of dicopper complexes with a hydroxo bridge. A series of dicopper complexes 
listed in table 3.5 have been synthesised in the course of this study. 
Complex Formula Yield % 
16 [Cu2(H3L 1 )(OH)](BF4)(N03) 73.2 
17 [Cu2(H3L 1 )(OH)](BF.), Without AgN03 64.3 
18 [Cu2(H3L2)(OH)](BF4h 68.3 
19 [Cu2(H3L2)(OH)](N03), 33.6 
20 [Cu2(H3L 1 )(OH)](CI04h 61 .5 
21 [Cu2(H3L2)(OH)](CIO.h 50.9 
Table 3.5 Dicopper Complexes Investigated 
Synthesis 
The dicopper hydroxo complexes have been synthesised in much the same way as the 
dicopper pyrazole complexes with a few alterations. 
Reactions using AgN03 treatment 
Dahp was dissolved in H20 and neutralised with KOH this solution was then treated 
with AgN03, which caused the precipitation of a white powder (assumed to be AgCI). 
Copper ions were refluxed in dry MeOH with dfmp or tdfp for 30 mins. The dahp 
solution was then added dropwise through filter paper to remove any trace AgCI and 
the solution was left to reflux overnight. The reactants were added in stoichiometric 
amounts. The solution was then filtered hot and the filtrate left to allow slow evaporation 
of the solvent to approximately 20 ml. After a couple of days crystals precipitated out of 
solution, which were then redissolved in MeOH and crystallised by slow evaporation of 
ether producing green needle like crystals suitable for X-Ray diffraction analysis. It 
should be noted that this method of chloride ion removal introduces another anion , 
nitrate , into the reaction mixture . 
Reactions without AgN03 treatment 
These reactions followed the same method except for the dahp neutralisation step. This 
was done using the original method of dissolving the dahp chloride salt in MeOH and 
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neutralising it with KOH , then leaving the solution in the freezer for 30 mins to 
precipitate out KCI. 
Analyses of the results of these experiments highlight some very interesting 
characteristics of this set of complexes. 
Characterisation 
Infrared spectra 
The infrared spectra of all the complexes are broadly similar, except for those vibrations 
associated with the anions. The spectra also display a lot of similarities with the 
previously characterised dicopper pyrazolate and benzotriazolate complexes. The 
macrocyclic nature of the complex is confirmed by the presence of two imine stretches 
situated at 1655 and 1637 cm"' (84) This feature is also a characteristic of the other 
dicopper complexes presented previously in this chapter. This is probably due to the 
loss of symmetry in the molecule compared to the tetra copper species. This difference 
is a good way to identify whether the species synthesised was mainly dinuclear or 
tetranuciear. A band at 1559 cm"' is assigned to the CoO vibration of the phenol(85) An 
envelope in the region 3400-3500 cm"' was observed in the spectrum but no sharp O-H 
stretch could be distinguished. 
A band at approximately 1384 cm"' within the region of a nitrate stretch appears in most 
of the infrared spectra of the complexes. The presence of these nitrate ions is thought 
to originate from the new method of removing chloride ions using AgN03 . AgCI is 
precipitated out of solution leaving nitrate ions left in solution , presumably some of 
these have become associated with the dicopper complex. 
This reaction has been repeated several times and in each case the amount of nitrate 
varies . This is not a problem in itself as the nitrate ions tend to be weakly coordinating , 
or at least not in a manner that would interfere with the core structure. Therefore it is 
still better to use this technique to remove the chloride ion than having it in the solution 
with the potential of coordinating to the core structure and giving a different dicopper 
complex impurities, even though it can sometimes prove difficult to assign the elemental 
analysis accurately. 
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FAB mass spectrum 
The FAB mass spectrum supported the successfu l synthesis of a dicopper complex 
with only one hydroxide as an exogenous ligand. Figure 3.12 shows the FAB mass 
spectra of complex 22 [Cu, (H3L 1 )(OH)](BF.)(N03). Table 3.6 gives the main 
fragmentation peaks in the FAB spectra of the complexes synthesised 
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Complex [CU(H3Ln)) [CU,(H3Ln)) [CU,(H3Ln)(OH)) [Cu,(H3Ln)(CI)) 
16 555.2 (22) 616.2 (100) 635.2 (12) 653.2(16) 
17 - 616.1 (1 00) - 653.2 (42) 
18 639.3 (46) 700.2 (100) 719.3 (15) 737.2 (21) 
19 - 700 (53) 781 (55) -
20 - 616(100) 631 .1 (23) 651 .1 (18) 
21 - 700(23) - -
Table 3.6 Fragmentation pattern and intensities for complexes of 
[Cu,(H3Ln)(OH))'· 
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Figure 3.12 FAB mass spectra of Complex 22 [Cu,(H3L 1 )(OH)](BF.)(N03) 
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For all the complexes, except the complex using copper nitrate, the major peak is 
attributed to the [Cu2(H3Ln)) fragment (616 m/Z or 700 m/Z for L 1 and L2 respectively) . 
The presence of two peaks attributed to the [Cu2(H3Ln)(OH)) and [Cu2(H3Ln)(CI)] 
fragments reveals that although in most cases the hydroxo complex is the major 
product, there is still a certain amount of dicopper complex containing chloride 
contaminating the product. 
The FAB mass spectra for the perchlorate complex gave poor results with no significant 
peaks appearing above 400 m/Z, however elemental analysis and infrared data confirm 
the successful formation of this complex. This may indicate that the 
[Cu2(H3L2)(OH))(CIO.h complex did not ionise well in the FAB mass spectrum 
experiment. 
No good product was formed with the template synthesis using copper(lI) nitrate. 
Effectiveness of AgN03 at chloride removal 
Complex 16 was synthesised using AgN03 to reduce the amount of chloride 
contaminant making its way through to the final product. The FAB results show that 
within the product the [Cu2(H3Ln)(OH)] fragment has 12% intensity and the 
[Cu2(H3Ln)(CI)] fragment has 16 % intensity (figure 3.12). When this is compared with a 
reaction involving no AgN03 (complex 17) the results are quite different. Now the 
[Cu,(H,Ln)(CI)] fragment has 42% intensity (figure 3.13), with no significant peak being 
assigned to the [Cu2(H,Ln)(OH)) fragment. The intensity of the [Cu2(H3Ln)(CI)] fragment 
is somewhat larger when the dahp is not treated with AgN03. The AgNO, addition goes 
some way to removing the unwanted chloride ions, however it is still not 100% effective 
at removing it all from the solution. 
Another feature of the FAB mass spectra when the AgN03 method of chloride ion 
removal is employed is the presence of silver ions. All the FAB mass spectra of these 
complexes show an amount of silver ions at 107 m/Z. In the case of these dicopper 
hydroxo complexes it appears that the presence of the silver ions does not impact their 
structure. However the effect of the silver ions on the reaction will be highlighted in the 
next chapter when looking at using these dicopper complexes as precursors for 
heteronuciear complexes. 
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Figure 3.13 FAB mass spectra of Complex 17 [Cu2(H3L 1 )(OH))(BF.h 
Figure 3.14 FAB mass spectra of [Cu2(OH)(H3L 1 )](BF4)(N03) showing silver ions 
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Descript ion of Structure 
Figu re 3.15 shows a perspect ive v iew of the [Cu2(J.l-OH)(H3L 1 )]2' cation of complex 16, 
with selected bond lengths and angles given in table 3.7 . 
Figure 3.15 Perspective view of the [Cu2(J.l -OH)(H3L 1 )]2. cation of com plex 16 
Cu1-01 1.942(6) Cu1-N1 1.943(7) 
Cu1-05 1.949(6) Cu1-02 1.965(7) 
Cu1-05' 2.363(6) Cu1-Cu2 3.001(17) 
Cu2-03 1.909(6) Cu2-02 1.902(7) 
Cu2-N2 1.969(7) Cu2-05 1.966(6) 
02-Cu1-N1 96.6(3) 02-Cu1-05 78.0(3) 
N1-Cu1-05 174.5(3) 02-Cu1-01 160.7(3) 
02-Cu1-05' 951 (3) 05-Cu1-01 92.7(3) 
N1-Cu1 -05' 95.6(3) 02-Cu1-N1 928(3) 
05-Cu1-05' 83.7(2) 01-Cu1 -05' 100.7(2) 
03-Cu2-02 169.5(3) 03-Cu2-N2 94.1 (3) 
02-Cu2-N2 96.2(3) 03-Cu2-05 91 .3(3) 
02-Cu2-05 79.1 (3) N2-Cu2-05 166.4(3) 
Table 3.7 Selected Bond Lengt hs (A) and Angles n 
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Like the dicopper pyrazolate and benzotriazolate complexes the copper ions are found 
along the saturated side chain in a side-by-side arrangement. The macrocycle provides 
an imine, phenol and bridging alkoxo donors with a bridging hydroxo ion completing the 
coordination in the square plane. The macrocyclic ligand is only mono-deprotonated 
but, as observed in related systems(92-94), the phenolic protons have been transferred to 
the non-coordinated imine groups; these protons were located in the structure 
refinement. 
The cation thus has two vacant (if protonated) coordination sites. However unlike the 
other dicopper structures presented in this chapter, the coordination sites are not 
blocked by the presence of pyrazolate or benzotriazolate ligands. The geometry at each 
copper ion is square planar. The distance between the two copper ions is approximately 
3 A. The macrocycle, as observed forthe corresponding tetracopper complex, is planar. 
The copper ions sit closer to the saturated side chain than the tetracopper complex 
analogue, this maybe because the J.i4-0H in the tetracopper case is coordinated to all 
four copper ions which holds it more towards the centre of the tetra copper array to be 
equidistant from all four metal ions. 
The structure is dimeric with two dinuclear units linked as shown in figure 3.16 below. 
The dicopper macrocycles dimerise on recrystallisation from methanol by slow diffusion 
of ether to form crysta ls of formula [Cu2(H3L)O],Xi nH20 , X denoting the appropriate 
anion. The centrosymmetric cation comprises two parallel dicopper(lI) macrocyclic 
units, the copper ions are bridged by one of the ligand alkoxo donors and be an 
exogenous oxo ligand. The two macrocycles are held together by two symmetry-related 
Cu-oxo bonds, supported by longer interactions between the second copper ion and the 
phenolate oxygen from the second ring. The structure of the dimer is markedly similar 
to that of the tetranuclear analogue were the tetra- and octacopper forms are 
interconvertable(63) In each case the dimerisation involves displacement of the OH 
proton by a copper(lI) ion from the second macrocycle. 
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Figure 3.16 Perspective view of the dimer 
This complex is very interesting as it provides a dinuclear complex with two vacant 
coordination sites, which , unlike the pyrazole and benzotriazole complexes, remain 
unblocked. These vacant sites now have the potential to coordinate further two metal 
ions , where they be similar or dissimilar. The controlled synthesis of a suitable dicopper 
precursor complex has been established . 
Possible reaction pathways for the formation of the dicopper hydroxo 
complex 
The ability of dfmp to coordinate two metal ions is well known(34I, and it is assumed that 
the formation of tetranuclear complexes of H. Ln follow the mechanism outlined in 
Scheme 3.2. Thus, dfmp (or its derivatives) react with a metal(lI) salt to form a dinuclear 
complex. Such a species is then expected to readily form a symmetrical [2+2) Schiff-
base macrocycle upon condensation with a diamine, the components having 
assembled around the template metal ions in the appropriate arrangement for this 
formation . While a detailed understanding is still required, it is widely accepted that in 
this type of synthesis the presence of the metal template restricts rotation of the 
diamine through bidentate coordination, and this reduces the internal energy losses 
normally associated with cyclisation("'I. 
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Scheme 3.2 Proposed formation of the tetra copper mac rocyclic complex 
It is obvious the formation of dinuclear complexes of ligand H,Ln does not proceed in 
the same way. The 'disruptive method' already mentioned above has shed light of the 
original way to make dinuclear complexes. Thus, a tetranuclear complex is first formed . 
Its planar surface is then disturbed by a molecule, which has the ability to bridge the 
copper ions trapped inside the macrocycle ligand. This results in the removal of two 
copper ions and the centra l hydroxide to give a dinuclear complex with a distinctively 
folded macrocycle. However, this method cannot be used to explain the formation of the 
dicopper ,,-hydroxide complex, as there was no ligand present in the reaction mixture, 
which would have the ability to disrupt the complex in such a way. 
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Figure 3.17 Four possible configurations of the dicopper complex 
Figure 3.17 shows the four possible configurations of the dicopper complex. The 
conformation of complex A is unlikely due to the steric hindrance of the 1,5-diamino 
side chain which would have to undergo some considerable twist to assume this 
coordination. 
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Figure 3.17 B shows an arrangement where both metal ions are coordinated in 
diagonally opposite sites. Again this structure is unlikely to be observed as the 'hole' or 
gap between the two diagonal sites is slightly longer than the preferred Cu-O-Cu 
distance, as observed in the tetranuclear complexes. The complex would have to 
undergo some twist to accommodate this arrangement, consequently the copper ions 
would no longer have their preferred square pyramidal geometry. Also within this 
complex there are no bridging oxygen atoms. 
Figure 3.17 C, shows the complex that would be expected to be synthesised if the 
reaction followed the mechanism in scheme 3.2 above. However as already shown the 
dicopper hydroxo complex of H4Ln forms a side-by-side with the copper ions orientated 
along the saturated side chain, configuration D. To date no complexes having either A , 
B or C configuration have been observed , therefore something different is happening in 
the reaction mechanism than that shown by scheme 3.2. 
Scheme 3.3 shows a proposed mechanism for the formation of the dicopper >'-
hydroxide complex as well as the tetracopper >,-hydroxo complex. 
This type of stepwise mechanism has already been seen in many well known synthetic 
routes , some of which have been discussed in the introduction , to synthesise 
heteronuclear complexes. It is notable that in this case complete cyclisation occurs 
without the need for a second set of templating metal ions. This is not unusual as 
demonstrated by the method of direct synthesis to form macrocyclic complexes, 
templating metals are not always necessary to cyclise the macrocycle. In this case it is 
assumed the formation of the 0/. macrocycle provides enough rigidity to the system to 
allow a ring closure without the need to coordinate two more copper atoms . This is an 
example of a metal deficient template reaction . In the case of the tetranuclear complex 
it is still unclear at to what happens first; the coordination of all four metals and then 
cyclisation or cyclisation followed by the two remaining metal ions coord inating . 
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Further evidence to suggest that the proposed mechanism is in fact taking place is seen 
in Goetz's(52) expanded H,L2 macrocycie complex shown below in figure 3.18. The 
orientation of the copper ions is once again different to that proposed by the original 
mechanism in scheme 3.2 showing that the phenol group need not always act as a 
bridging species. 
\ 0 ...---0 I 
N I " Cu \_N 
' Cu Cu 
A B 
Figure 3.18 (A) Goetz tetra copper complex (8) Possible arrangement if the phenol 
bridged the metal ions 
The question then has to be, why is it that in these phenol based tetranucleating ligands 
form dinuciear complexes without any phenol bridging . The answer may lie in the 
electrostatics of the final product. 
The charge on the fully deprotonated macrocycie is 4- this is provided by two phenol 0-
and two alcohol 0-. The pKa of the phenol hydrogen atoms is lower than that of the 
alcohols due to the delocalisation of the negative charge around the phenol ring making 
the phenol oxygen atoms better coordinating groups than the alcohol oxygen atoms. 
Therefore the phenol oxygen atoms coordinate the metal ions more readily. 
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Figure 3.19 Charges provided by atoms in the complex 
The charge balance of these processes may also shed some light on the preferred 
arrangement of the metal ions. Figure 3.19 above shows the charges assigned to each 
of the molecules within the complex. From the diagram we can see that in arrangement 
B the both copper ions have a full share of the negative charge from the phenol oxygen. 
The phenol oxygen being more electronegative than the alcohol makes this the more 
electrostatically favoured arrangement. 
If the reaction occurred via the mechanism shown in Scheme 3.2 whereby the 
deprotonated head group coordinates two metals, the phenol group would coordinate a 
total of 4+ charge. However in this case the phenol is only responsible for coordinating 
a 2+ charge, which is more preferable electrostatically. Within the macrocyclic complex 
both phenols are involved in coordinating the Cu(lI) ions balancing the charge more 
effectively than the arrangement shown in figure 3.19 A , involving the two alcohol 
groups having a higher pKa than the phenol hydrogen atoms . Electrostatics play a key 
part in the potential arrangement of the metal ions. 
99 
Further evidence to support the side-by-side arrangement of the copper(II) ions along 
the saturated side chain is the hydrogen bonding. 
Figure 3.20 below shows the positions of the imine and phenol protons. The positions of 
the protons in this diagram are more accurate than in the previous diagrams as the 
nitrogen lone pair to which the hydrogen atoms are bonded sits on the inside of the 
macrocyclic ligand. 
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Figure 3.20 H-Bonding within the complexes 
From the position of the hydrogen atoms in Structure A, the first uncoordinated , 
protonated nitrogen hydrogen bonds to the lone pair of electrons of the adjacent phenol 
oxygen , the proton of this phenol oxygen atom in turn hydrogen bonds to the lone pair 
of electrons belonging to the second uncoordinated , protonated imine nitrogen. These 
protons reside in the vacant coordination sites of the ligand. Therefore, in this 
configuration the second imine nitrogen proton has no space to hydrogen bond to the 
nitrogen's lone pair of electrons due to the phenol proton hydrogen bonding. If this were 
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the case the imine would remain unprotonated , leaving it as N-, altering the charge of 
the complex. 
Structure B 
In Structure B the imine protons are both able to hydrogen bond to the adjacent phenol 
oxygen atoms leaving enough space for the alcohol oxygen to hydrogen bond to its 
proton . The source of the protons hydrogen bond ing to the imine nitrogen atoms is 
thought to be from a proton transfer from the phenol oxygen atoms(ref) . If this is the 
case Structure B seems to be the most likely arrangement. Therefore Structure B is 
favoured not only spatially but also because of the closeness of the source of the 
protons for hydrogen bonding . 
A final piece of evidence for the stability of this side-by-side arrangement along the 
saturated side chain is seen in the Solid State Electrochemistry of the complexes, which 
will be discussed in Chapter VI. 
It is therefore possible to assume that the mechanism shown in Scheme 3.3 is a good 
synthetic route for both dicopper and tetracopper complex formation for ligands H4L 1 
and H4L2 . The syntheses of the dicopper hydroxo complexes have provided some new, 
useful insights into the reaction mechanisms of these complexes. These findings 
suggest the mechanism is more complicated than previously expected , however, 
compared to other reaction mechanisms and an examination of their electrostatics, this 
alternative mechanism is, perhaps not that surprising . 
Dinickel Complexes 
An attempt to synthesise dinickel complexes was carried out following the same method 
as that for the dicopper complexes above. However any attempt to synthesise the 
dinickel complex using the AgN03 method of chloride removal failed . This was evident 
by analysis of the FAB (no significant peaks were observed over 409 m/Z) the infrared 
spectrum showed none of the stretches related to the successful synthesis of the 
macrocycie and the elemental analysis revealed very low values of carbon, hydrogen 
and nitrogen in the product. 
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However when the original method of chloride removal was used the reaction appeared 
to be more successful. Dichroic crystals of the product revealed that the dinickel 
hydroxo complex had not formed but instead the product was found to be a diagonal 
metal complex with two chloride ions bridging the metal ions. 
Figure 3.21 Dinickel Dichloride complex of H4L2 
It is unclear why the AgN03 method of dahp neutralisation leads to the failure of any 
dinickel complex to be formed. It may be due to the obvious increase in polarity of the 
solvent system as the dahp is now dissolved in water as apposed to an EtOH/MeOH 
mix. It has been seen previously that the tetranickel reactions occur in a high volume of 
EtOH, whereas their tetracopper complex analogues proceed successfully using a less 
dilute MeOH solvent system. It would appear that for successful formation of the 
dinickel complex a less polar solvent system is required . Currently there is still no 
effective way of removing the chloride atoms using a less polar method , therefore any 
attempted to synthesise dinickel complexes must proceed via the original method . It is 
obvious that the presence of the chloride ions in have a massive impact on the product 
of the reaction. These complexes will be discussed in more detail in the solid state 
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electrochemistry chapter. All attempts to synthesise the dinickel hydroxo complex 
resulted in the isolation of the diagonal dichloride complex. 
3.5 Conclusion 
The investigation of dinuciear complexes of H,L 1 an H,L2 has provided several new 
developments in the chemistry and synthesis of these complexes. 
The ligand has proven able to incorporate two-atom bridging anions within the 
macrocycie to bridge two metal ions. The spectral information gathered through these 
investigations is useful to establish if a dinuclear or tetra nuclear complex has been 
formed. 
The problem of chloride interference in the synthesis of copper complexes has been 
improved by the introduction AgN03 to effectively remove the ions from solution. 
However this technique has its own drawbacks, which will be discussed in more detail 
in Chapter IV. 
In turn the isolation of the dicopper hydroxo complex has proved a significant step 
towards synthesis of a heteronuciear complex. Th is is due to better availability of its 
vacant, protonated sites, to further coordinate a second metal. 
The syntheses of the dicopper hydroxo complexes have also given useful insight into 
the reaction mechanisms of these complexes. A look at the electrostatic and hydrogen 
bonding , and later the solid state electrochemistry, shows the reaction mechanisms to 
be more complicated than previously expected. 
The development of this metal deficient template reaction has led to a good precursor 
to heterotetranuclear complexes. 
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CHAPTER IV 
Heterotetranuclear Complexes of H4L and 
H4L2 
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4.1 Introduction 
The ability of H. L 1 and H. L2 to act as tetranucleating ligands for homonuclear 
complexes of both copper and nickel metal ions has already been seen. Within this 
chapter their ability to act as heterotetranucleating ligands for a mixture of nickel and 
copper ions will be described . 
The previous chapter focused on the synthesis of suitable dinuclear precursors to use 
in a stepwise synthesis of heteronuciear complexes. The aim of the work presented in 
this chapter was to investigate the potential of these dinuciear complexes as a 
precursor for heteronuclear complexes and to look at the possible routes to such a 
complex. 
During this work the following complexes were synthesised : 
Complex Formula 
22 [Cu2Ni,(L 1 )(OH»)(BF.),(CH3C02)·2MeOH 
23 [Cu2Ni2(L 1 )(O»)(BF .),(CH3C02)[(Ni2)(dfmp )(OH)] 
24 ([Cu2Ni2(L2) (0)][ (tdfp)( Ni2)(HOh)}(B F. h 
25 [Cu2Ni2(L2)(OH)](CIO.h(CH3C02) 
26 [Cu2Ni2(L2)(OH)(OBz),](BF.)2MeOH 
27 [Cu2Ni2(L2)(OH)(OBzh ](CIO.) 
Table 4.1 Heteronuclear Complexes Investigated 
4.2 Heterotetranuciear acetate complexes of H.L 1 and H.L2 
Synthesis 
From the dicopper precursors studied in the previous chapter, the fl-hydroxo complex 
was selected as the most suitable as it has two vacant sites that remain unblocked and 
unoccupied , though protonated . Figure 4.1 below shows a possible reaction pathway 
for the synthesis of Cu(llh/Ni(lI), complexes, using the dicopper complexes as an 
intermediate precursor. 
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Figure 4.1 Reaction pathway for the synthesis of Cu(II),/Ni(lI), complexes 
A series of Cu(lIhNi(lIh complexes has been studied during the course of this work. 
The synthetic reactions were relatively simple, reacting the dicopper precursor with 
excess nickel ions using either acetate or benzoate as a coordinating counter ion . 
Although no crystals suitable for crystal structure determination were obtained in this 
work, strong evidence that the reactions yielded the heterotetranuclear complexes has 
been found . 
The main piece of data that confirms the successful formation of the Cu(lIh Ni(lIh 
complexes is their FAB mass spectra. As has already been noted, the FAB mass 
spectra of H.L 1 and H.L2 complexes provide useful information on the stoichiometry of 
the synthesised complexes. The spectra themselves are relatively simple and will be 
discussed in detail here. 
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{[Cu,Ni, (L 1 )(O)(CH3CO,)][Ni,(dfmp)(OH))}(BF.1> 
A sample of [Cu,(H3L 1 )(OH)](BF.)(N03) was refluxed with excess nickel acetate 
overnight , the resultant complex yie lded the following FAB mass spectrum (figure 4 .2). 
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Figure 4.2 FAB mass spectrum of {[Cu,Ni,(L 1)(O)(CH3CO,)][Ni,(dfmp)(OH)]}(BF.1> 
mlZ 
748.0 
807.0 
1105.6 
Rei 
Intensities 
Fragment 
14 [Cu,Ni, (L 1 )(0 )]'+ {e-} 
100 [Cu,Ni,(L 1 )(O)(CH3CO,Jr 
10 {[Cu, Ni, (L 1 )(O)(CH3CO,)][ (Ni),( dfmp )(OH)]}'+{2e-} 
Table 4.2 Fragmentation pattern and intensities for 
{[Cu,Ni, (L 1 )(O)(CH3CO,)][Ni, ( dfmp )(OH)]}(BF.I> 
Calc. 
m/Z 
749.0 
808.1 
1105.6 
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The spectrum shows two significant clusters centred at m/z = 748.0 and 807 .4 which 
are assigned to [Cu2Ni2(L 1)(OH)] and [Cu2Ni,(L 1)(OH)](CH3C02) respectively . 
However a third clustered centred at m/Z 1105.6 was detected and can be attributed to 
the fragment {[Cu2Ni2(L 1 )(O)(CH3C02)][Ni2(dfmp)(OH)]}3+. 
Notably, there are no peaks attributed to scrambled tetranuclear complexes (e.g. CU4, 
CuNi3, CU3Ni or Ni, cores) . The absence of metal ion scrambling in the FAB, together 
with the marked preference of tetranickel (lI) complexes for bridging acetate groups(82), 
suggests the product is a heterotetranuclear complex with an additional acetate bridge 
linking the nickel ions. The complex is assigned the formula , 
[Cu2Ni2(L 1 )(OH)](BF4h(CH3C02). 
The presence of the bridging acetate group was confirmed by the infrared spectrum 
which shows a broad band of strong intensity situated at 1409-1384 cm" attributed to 
the C-O vibrations of the acetate bound to the macrocycle,81l. 
The presence of the first two clusters confirmed the successful formation of the 
heterotetranuclear complex. However, the third cluster suggests that, two 
supplementary nickel ions are coordinated to the macrocycle. The FAB mass spectrum 
suggests that a dfmp unit and a hydroxide have been brought to coordinate these two 
nickel ions. 
Launay'8') made a similar observation when attempting to synthesise heterotetranuclear 
complexes and therefore attempted to synthesise the complex with the additional 
superstructure by reacting a dicopper precursor with excess nickel acetate in the 
presence of excess dfmp. This reaction yielded small crystals , which were suitable for 
X-Ray structure detenmination . Figure 4.3 shows the structure of the neutral complex 
([Cu2Ni,(L 1 )(O)](CH3C02)[(dfmp)(Ni2)(CH3C02)(OH)h}. 
This structure is consistent with the FAB mass spectra data which showed four 
significant clusters at m/z values of 747 (18), 807 (100), 1199 (41) and 1225 (29) which 
are assigned to {[Cu2Ni2(L 1 )(O)]-Ht, [Cu2Ni2(L 1 )(OH)(CH3C02)r, 
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{[Cu2Ni2(L 1 )(O)](CH3C02)[(dfmp )(Ni2)(CH3C02)(OHhl+H}" 
{[Cu2Ni2(L 1)(O)](CH3C02)[(dfmp)(Ni2)(CH3C02)(OHhl + Na}'. 
Figure 4.3 {[Cu2Nh(L 1)(O))(CH3C02)[(dfmp)(Nh)(CH3C02)(OH)h} 
The heterotetranuclear [Cu2Ni2(L 1 )(Olt macrocycle is capped on one face by an 
acetate ion bridging the two nickel ions. Bound to the other face is an assembly 
comprising two nickel ions coordinated by a diformylmethylphenolate anion , three 
hydroxo ligands and a second acetate ion, also bridging two nickel ions . There are six 
bonds linking the macrocycie to the superstructure ; four Ni-O bonds and two (longer) 
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Cu-O interactions. The nickel ions form a Ni,0 4 cubane. The metal ions are quite close 
together, all adjacent metal-metal distances are under 3 A. 
011 
014 
07 
Figure 4.4 Coordination spheres of the heteronuclear core 
The X-Ray data do not distinguish between the electron densities of nickel and copper 
ions, so assignment must be based on other factors . Firstly the masses are consistent 
with the FAB mass spectrum data. Secondly, the observed geometry at the metal sites, 
square pyramidal at copper and six-coordinate pseudo-octahedral at nickel, is 
consistent with the present assignment. If copper occupied the sites assigned to nickel, 
significant Jahn-Teller distortion would be expected but this is not observed . 
The source of the excess dfmp is thought to have originated from impurities in the 
dicopper intermediate. It has been shown in the previous chapter that, in the case of the 
dicopper hydroxo complexes synthesised using AgN03 to remove chloride ions, silver 
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ions are present in the FAB mass spectra. It is possible that the Ag(lI) ions coordinate 
the dfmp ligand and carries the phenol ligand subunit through to the next stage of the 
heteronuclear synthesis making extra phenol ligand available to coordinate to the 
excess nickel(lI) ions in the reaction mixture. 
Infrared Spectra 
The infrared spectra of all the Cu(II),INi(lIj, complexes made during the course of this 
work are broadly similar. Peaks corresponding to the formation of the macrocyclic 
complex are similar to those for the homotetranuclear complexes discussed 
previouslyl84). The imine vibrations appear as a single peak, showing that they possess 
similar coordination environments as compared to the dicopper precursor that produces 
two imine peaks in the infrared spectra indicating two dissimilar imine environments. 
This indicates that all four imines are coordinating metal ions . Broad bands of strong 
intensity at 1412 - 1363 cm-1 confirm the bridging nature of the acetate group(Bn 
Many attempts to produce crystals of the heterotetranuclear complexes were 
undertaken during the course of this work, but unfortunately no crystals suitable for X-
Ray diffraction studies were obtained. However it can be assumed they are similar to 
this one observed by Launay(B1) 
The elemental analysis confirm that the product is in fact a mixture of the tetranuclear 
macrocycle [Cu2Ni2(L 1 )(OH)(CH3C02)](BF.j, and the macrocycle with the 
superstructure {[Cu2Ni2(L 1 )(O)(CH3C02)][Ni2(dfmp)(OH)]}3+(SF.),. 
{[C U 2 N i2( L2)( 0)] [( tdfp)( N i2)( H 0 hlH SF.h 
A slightly different complex is observed when the reactions are carried out using H.L2. 
When a sample of [Cu2(H3L2)(OH)](SF.j, was refluxed with excess nickel acetate 
overnight, the resultant complex yielded the following FAB mass spectrum (figure 4.5). 
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Figure 4.5 FAB mass spectrum of ([Cu2Ni,(L2)(O)][(tdfp)(Ni2)(HO),]}(BF.h 
m/Z 
832.5 
891 .5 
1169.5 
1189.5 
Rei 
Intensities 
Fragment 
18 [Cu, Ni2(L2)(O)]2+ {e-} 
100 [Cu,Ni, (L2)(O»)(CH3CO,)+ 
14 {[Cu,Ni, (L2)(O»)[(tdfp )Ni(O)W+ -2W, 
31 {[Cu,Ni,(L2)(O»)[(tdfp )(Ni2)(HO),)}J+ {+2e-) 
Table 4.3 Fragmentation pattern and intensities for 
{[Cu2Ni2(L2)(O}][(tdfp )(Ni2)(HO),]}(BF.h 
Calc. m/Z 
832 .2 
891 .2 
1169.8 
1190.8 
The spectrum is , again, remarkably simple. It shows two clusters centred at m/Z = 
837.6 and 891 .5 which are assigned to [Cu,Ni2(L2)(O»)' + and [Cu2Ni, (L2)(O)(CH3C02)f 
respectively. However a third cluster is observed centred at m/z = 1189.5, this can be 
attributed to the fragment {[Cu,Ni,(L 1)(O))[(tdfp)(Ni, )(HO),)}3+. In this case the third peak 
is assigned to a fragment with no bridging acetate group. 
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This complex of the H. L2 is different from the complexes 
{[Cu2Ni,(L 1 )(O)(CH3C02)][Ni2(dfmp )(OH)]}(BF.), and Launay's(8 ' ) 
{[Cu2Ni2(L 1)(O)](CH3C02)[(dfmp)(Ni2)(CH3C02)(OH)h} previously described . Most 
notably the FAB mass spectra suggests that tetranuclear superstructure of the H. L2 
complexes does not possess a bridging acetate group. However although FAB mass 
spectra have proven to be reliable in predicting structural information, it is impossible to 
accurately assign the formula of the complex w ithout X-Ray diffraction data. 
Direct Synthesis 
The above complexes were all prepared in a step-wise manner using a dicopper 
precursor. However, reactions were attempted using a direct synthetic route whereby 
dfmp or tdfp were reacted wijh nickel acetate, copper perchlorate and dahp 
simultaneously (figure 4.6). 
2 
(YJ (YJ NH2 OH NH2 
+ 2 Cu(lI ) 
_ N, / 0 , , N_ 
Cu Cu 
2 Ni(lI) 1"/\ 1 000 
:? \ / " I 
I ~i" / Nt 2 ~ - N 0 N-~ I I 
0 OH 0 
Figure 4.6 Reaction pathway for the direct synthesis of Cu(II ),/Ni(lIh complexes 
The experiment yielded two products, pale and dark green crystals. FAB mass spectra 
of the dark green product revea led them to be the tetracopper product. X-Ray analysis 
of the pale green crystals obtained by slow ether diffusion into a dmf/MeOH 1: 1 solution 
of the product, determined the pale green crystals to be Ni(dmf). (CIO.h. These are 
thought to originate from the nickel acetate starting material. The FAB mass spectrum 
of the dark green crystals shows two significant clusters centred at m/Z = 842 (92) and 
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941 (100), these can be assigned to the tetracopper fragments [Cu4(L2)(O)l'+ and 
[Cu4(L2)(OH)] 3+(CI04) respectively. This reaction pathway has proven unsuccessful at 
synthesising Cu(II),/Ni(II), complexes, but rather yields the homotetracopper complex. 
It is unclear as to why the tetracopper complex and not the dicopper complex fonns 
during this reaction as the stoicheiometry of the reactants should favour the dicopper 
product. It maybe possible that although a nickel macrocycle has not been isolated , 
during the reaction phase the nickel ions coordinate to ligand therefore removing it from 
the reaction mixture causing the stoicheiometry to favour the tetracopper complex. The 
dmf solvent is strongly coordinating , therefore it is possible that during the 
recrystallisation it displaced the ligand from the nickel ions to give the Ni(dmf)6'+ crystals 
observed. 
Therefore this direct synthetic route has not proven to be a reliable method of 
synthesising heteronuclear complexes. 
4.3 Heterotetranuclear benzoate complexes of H4L 1 and H4L2 
Because of the difficulty in obtaining suitable crystals for X-Ray analysis of these 
heteronuclear complex an alternative bridging group that may promote crystallisation 
was used . Nickel has a preference for bridging acetates, as shown in the tetranickel 
complexes reported previously and the Cu(II),/Ni(II), complexes above . Therefore 
experiments to synthesise Cu(II ),/Ni(II ), complexes having a benzoate bridging group 
were attempted. 
Synthesis 
The two benzoate complexes discussed here were synthesised in a similar way to the 
acetate complexes above, by reacting a suitable dicopper precursor and nickel(II) salt 
adding sodium benzoate shortly after the reaction has started. The FAB mass spectra 
confirm the successful synthesis of heterotetranuclear complexes contain ing a 
benzoate anion . 
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[Cu,Ni,(L2)(OH)(OBz),](BF.)·2MeOH 
[Cu, Ni, (L2)(OH)(OBz),](BF .) 2MeOH was synthesised using the above method with 
nickel tetrafluoroborate as the nickel(lI) salt. 
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Figure 4.7 FAB mass spectrum of [Cu,Ni,(L2)(OH)(OBz),](BF.)"2MeOH 
m/Z 
693.2 
757.4 
775.5 
836.2 
958.1 
Rei Intensities Fragment Cale. m/Z 
40 [CuNi(L2)] 
28 [Cu,Ni(L2)]<+ {e-} 
30 [Cu,Ni(L2)(OH)t 
29 [Cu,Ni,(L2)(OH)]3+ {2e-} 
100 [Cu2Ni,(L2)(OH)(OBz)]'+ {e-} 
Table 4.4 Fragmentation pattern and intensities for 
[Cu,Ni,(L2)(OH)(OBz),](BF .)·2MeOH 
694.9 
758.5 
775.5 
834.2 
955.3 
I.SU 
1. 1I:li 
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1.5116 
1 126 
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Figure 1.7 shows the FAB mass spectrum of the complex. A major cluster centred at 
m/z = 958.1 which is assigned to [Cu,Ni, (L2)(OH)(OBz)]' +. A second smaller peak can 
be assigned to the [Cu,Ni, (L2)(OH)]3+ fragment at m/z = 836.2. Again no peaks 
attributed to scrambled tetranuciear complexes are observed, however the sequential 
loss of metal ions can be seen. No peak for a dinickel superstructure, at m/z = 1367.07 
for a ([Cu, Ni, (L2)(OH)(OBz)][Ni, (tdfp)]} fragment, is seen in the FAB spectrum. 
[Cu,Ni,(L2)(OH)(OBz),](CIO.) 
[Cu,Ni, (L2)(OH)(OBz),](CIO.) was synthesised in a similar way to the benzoate 
complex above using nickel(lI) perchlorate as the nickel salt. 
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Figure 4.8 FAB mass spectrum of [Cu, Ni,(L2)(OH)(OBz)i](CIO.) 
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m/Z Rei Intensities Fragment Calc. mlZ 
692.0 75 [CuNi(L2)] 694.9 
757.2 40 [Cu2Ni(L2)]' + {e-} 758.5 
773.5 71 [Cu2Ni(L2)(O)r 774.53 
835.5 100 [Cu2Ni2(L2)(OH)]'+ -2H+ 834.23 
936.4 59 [Cu2Ni2(L2)(OH)]' +(CIO.) -H+ 933.68 
956.5 47 [Cu2Ni2(L2)(OH)(OBz)]<+ -H+ 955.34 
Table 4.5 Fragmentation pattern and intensities for [Cu2Ni2(L2)(OH)(OBz)i)(CIO.) 
In this case the major peak m/z = 835.5 is attributed to the fragment [Cu2Ni2(L2)(OH)]3+. 
The benzoate fragment, [Cu2Ni2(L2)(OH)(OBz)]3+, is less intense (47%) but is still a 
major feature of the spectrum. It is noted again that there is no indication of metal ion 
scrambling . 
Infrared spectra 
Again , the infrared spectra of these CU(II),/Ni(lI), benzoate complexes are broadly 
similar and have the same range of macrocycle peaks as the acetate complexes(84). 
Stretches at 1560 cm" for complexes [Cu2Ni2(L2)(OH)](BF.)(OBz),·2MeOH and 
[Cu2Ni2(L2)(OH)](CIO.)(OBz), can be assigned to the benzoate functionality(S7) 
Unfortunately, although it was hoped this structure would form crystals suitable for X-
Ray diffraction studies none were achieved. The resulting formula attributed to the 
benzoate complexes [Cu2Ni2(Ln)(OH)(OBz),](X), where X is either perchlorate or 
tetrafluoroborate, is confirmed in both cases by the elemental analysis. 
4.4 Conclusion 
The results discussed within this chapter prove to be some of the most interesting 
observations obtained during the course of this investigation. Using the previously 
characterised dicopper intemnediate a clean route to CU(II),Ni(lI), complexes of H.L 1 
and H. L2 has been found for a range of counter ions . 
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The FAB mass spectrometry has been the most useful technique in establishing the 
structure of the Cu(lIh Ni(llh complexes and gave the first indication of the presence of 
a dinickel superstructure coordinated to the surface of the macrocyclic array. The 
structure has been confirmed by an X-Ray crystal determination of a similar complex 
synthesised by Launay(811, which has given much insight into the coordination of these 
complexes. 
The Cu(II),Ni(lIh complexes reflect the features of both the tetracopper and tetranickel 
complexes already discussed in Chapter 11 . For example, the geometries about the 
metal ions are similar to their respective homonuclear analogues and in each case the 
nickel ions coordinate a bridging acetate or benzoate group, as is the case in the 
tetranickel complexes. 
The structure of the heteronuclear complex demonstrates that the macrocycle retains 
the metal ions in the side-by-side geometry, reflecting the structure of the dicopper 
precursor. Site-selection for the heteronuclear product has been achieved based on the 
relative stability of the side-by-side dicopper intermediate. 
The additional superstructure suggests it may be possible to use the Cu2Ni, array as a 
platform to bind both further ligands and metal ions. 
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CHAPTER V 
Dinuclear Diagonal Complexes of H4L 1 and 
H4L2 
11 9 
5.1 Introduction 
Wikaira(97) reported the synthesis of a new diagonal dicobalt complex of ligand H, L 1 
while attempting to synthesise tetra cobalt complexes of H, L 1. This binuclear complex 
has the metals occupying two of the four potential coordinating sites diagonally opposite 
to each other as shown in figure 5.1 below. 
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Figure 5.1 Diagonal configuration of dinuclear dichloride complexes 
The infrared spectrum of the powder displayed two bands at 1654 and 1630 cm" 
indicating the presence of two dissimilar imine moieties , which is consistent with the 
successful preparation of a dicobalt complex with two vacant sites. The C-O vibration of 
the phenol appears at 1546 cm"(·' ) The FAB mass spectrum confirmed the formation 
of a dinuclear entity as peaks attributable to the sequential loss of perchlorate, chloride 
and water entities, to give a main peak corresponding to the fragment [C02L 1 r, were 
observed . This complex was characterised by single crystal X-Ray stnucture analysis. A 
perspective view of the cation [C02(H,L 1 )(fl-CI),(H20 )'f + is shown in figure 5.2. 
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Figure 5.2 Perspective view of [Co,(H,L 1 )(1l-CI),(H,O),l'+ 
5.2 Diagonal dinuclear complexes of H,L 1 and H,L2 
The dicobalt complex above and the dinickel diagonal complex presented previously 
came about as by-products of other reactions. This was due to trace amounts of 
chloride ions, originating from inadequate removal of chloride ions from the dahp 
derivative. These complexes were not the intended product of the reactions undertaken. 
However, these structures in themselves are very interesting therefore an investigation 
of synthesis and structure of these complexes was undertaken . During the course of 
this work dinuclear dichloride bridging complexes of Mn(II), Co(ll) , Ni(lI) and Cu(lI) were 
synthesised (table 5.1). 
Complex Structure 
28 [Cu,(H,L 1 )(CI),](CI),2H,02MeOH 
29 [Cu,(H,L 1 )(wCI),](C IO,), 
30 [Cu,(H,L2 )(~l-C I),](C 10,), 
31 [N i2(H,L 1 )(wCI),(CH3CN),](CI0,), 
32 [Ni2(H,L2)(fl-CI),](CI0,), 
33 [Co,(H,L 1 )(wCI),](CI0, ),2dmf 
34 [Mn,(H,L 1 )(wCI),(dmf),](CIO,),2dmf 
Table 5.1 Dinuclear dichloride bridged complexes 
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Synthesis 
The reaction of CuCli 6H20 with dfmp and dahp resulted in the successful synthesis of 
a dinuclear complex. The formula [Cu2(H2L 1 )(CI),](CI)i 2H20 ·2MeOH was confirmed by 
the FAB mass spectrum of the product and elemental analysis. However attempts to 
obtain crystals suitable for X-Ray diffraction studies failed . The reaction was then 
modified to use a mix of counter ions as apposed to using 100 % chloride as the anion . 
The perchlorate anion is known to aid in the production of crystals of good enough 
quality to obtain X-Ray crystallographic data, which proved the case with this range of 
complexes. 
Complexes 29 to 33 were synthesised by reacting metal chloride and metal perchlorate 
ions in equal molar amounts, the source of chloride ions therefore not only originates 
from the inadequate removal from the dahp solution but more importantly from the 
metal anion . This provides a sufficient amount of chloride ions to gain potential 100 % 
yields of the diagonally bridged complexes . 
Nickel chloride, nickel perchlorate and dfmp were refluxed in EtOH, after 30 mins 
neutralised dahp was added and the reaction refluxed overnight. As the presence of 
chloride ions is not a problem in these reactions, the original method of dahp 
neutralisation was used, were a solution of the dahp chloride salt is neutralised with 
KOH to precipitate KCI , which was removed by filtration . After subsequent work up, 
crystals suitable for X-Ray analysis were obtained from diethyl ether diffusion into 
acetonitrile. X-Ray diffraction data was gathered for the complexes; [Ni2(H.L 1 )(~­
CI),(CH3CN)'l(CIO.)" [Ni,(H.L2)(~-CI)21 (CIO.)" [Mn,(H.L 1 )(~-CI), (dmf),](CIO.),2dmf 
and [Cu2(H2L2)(CI)2](CIO.),H20 . A perspective view of the cation from [Ni,(H.L 1 )(~­
CI),](CIO.)i 2MeCN is shown in figure 5.3 with relevant bond lengths and angles in table 
5.2. The stnucture is similar to that of the dicobalt and dinickel complexes already 
shown except solvent acetonitrile is coordinated at the vacant axial sites. 
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Figure 5.3 Perspective view of [Ni, (H. L 1 )(fl-CI),](CIO.),·2MeCN 
Ni1 -01 1.996(3) Ni1-N1 2.058(3) 
Ni1-N40 2.067(3) Ni1 -02 2.123(2) 
Ni1-C11 2.41 62 Ni-Cl' 2.4794(9) 
01-Ni1-N1 90.03(12) 01-Ni1-N40 91 .68(12) 
N1-Ni1 -N40 92 .66(16) 01-Ni1 -02 177.35(10) 
N1-Ni1-02 92.05(12) N40-Ni1-02 86.58(11 ) 
01-Ni1-CI1 91 .27(8) N1-Ni1-CI1 95.20( 11 ) 
N40-Ni1-CI1 171 .60(11) 02-Ni1-CI1 90.17(7) 
01-Ni1-CI' 87.65(8) N1-Ni1-CI1 ' 177.57(1 0) 
N40-Ni1 -CI' 88.13(8) 02-Ni1-CI' 90.29(7) 
CI1-Ni1-CI' 84.14(3) Ni-CI'-Ni' 95.86(3) 
Table 5.2 Selected interatomic distances and (A) and angles (0) for [N i,(H. L 1 )( I-l-
CI),](CIO. ),.2MeCN 
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Description of structures 
The structures of [Ni2(H,L 1 )(!l-CIh(CH3CNh](CIO,h, [Ni2(H,L2)(!l-Clh](CIO,h, 
[Mn2(H,L 1 )(!l-Clh (dmf),](CIO,h'2dmf and Wikaira's(97) dicobalt complexes, all have 
similar core structures were the metal ions are coord inated to the macrocyclic ligand in 
diagonal opposite sites. However the [Cu2(H2L2)(Clh](CIO,),H20 structure is slightly 
different and will be discussed separately. 
Within these complexes each metal is bound by the phenol and alcohol oxygen atoms 
and the imine nitrogen. In contrast to the conventional binuclear complexes, all the 
alcohol oxygen atoms are involved in binding to the metal ions, though none of them is 
bridging . The alcohol oxygen atoms remain protonated and a proton transfer has 
occurred from the phenols to the uncoordinated imine groups, there is hydrogen 
bonding between this proton and the phenolic oxygen shown in figure 5.4 below. 
C12' Cll' 
Figure 5.4 Perspective view of [Mn,(H,L 1 )(!l-Clh(dmf),](CIO,),'2dmf 
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Mn1-01 2.0684(12) Mn1-050 2.1999(13) 
Mn1-N1 2.2152(14 ) Mn1-02 2.2144(1 3) 
Mn1-C11 2.5071 (5) Mn1-CI1 ' 2.6097(5) 
01-Mn1-040 96.65(5) 01 -Mn1-N1 84.63(5) 
050-Mn1-N1 87.28(5) 01-Mn1-02 174.13(5) 
050-Mn1-02 86.32(5) N1-Mn1-02 90.47(5) 
01-Mn1-CI1 89.47(3) 050-Mn1 -CI1 91.46(4) 
N1-Mn1-C11 173.78(4) 02-Mn1 -CI1 95.53(4) 
01-Mn1-CI1 ' 88.73(4) 050-Mn 1-CI1 ' 174.36(4) 
N1-Mn1-CI1 ' 91 .57(4) 02-Mn1-CI1 ' 88.17(4) 
CI1-Mn1-CI1 ' 90.263(15) CI1 -Mn1-CI1 ' 90.263(15) 
Table 5.3 Selected interatomic distances and (A) and angles (0) fo r [Mn2(H.L 1 )(fl-
CIh(dmfh] (CIO.).·2dmf 
Between the metal ions, there are two bridging chloride ions . Each chloride atom is an 
axial donor to one metal ion and an equatorial donor to the other. In each case solvent 
molecules make up the remaining axial ligands. The geometry of the metal ions in all 
the complexes is approximately octahedral with the coordination sphere being 
completed by a variety of solvent molecules. All the complexes were solved in P2,/c 
symmetry and each molecule possesses a centre of inversion. 
To accommodate the chloride ions that form two bridges between the metal ions the 
saturated side chain undergoes considerable twist, therefore the macrocycie is 
considerably bent from its planar geometry along the saturated side chains (stepped or 
S-shaped) as shown in figure 5.5 below. Each of the phenolic portions of the ligand is 
planar and parallel to the other one. 
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Figure 5.5 Side-<>n view of [Mn,(H.L 1 )(f.L-CI),(dmf),](CIO.)i2dmf showing the 'step-
like' folding of the ligand 
Dicopper Structure 
In the case of the dicopper complexes the X-Ray crystallographic data shows that there 
is disorder in the position of the copper ions. Cu1 and Cu1 ' has 85% occupancy with 
Cu2 and Cu2 ' having 15% occupancy. This disorder is highlighted in figure 5.6 A. For 
the sake of this discussion Cu1 is taken as the true position of the copper ions within 
the complex as it possesses the higher occupancy. Like the other diagonal structures 
the complex is centrosymmetric. Unlike all the other complexes which are octahedral , 
the geometry Cu1 is square pyramidal geometry. Therefore no solvent molecules are 
coordinated to the complex. This structure was solved using Patterson methods. 
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A 
B 
Figure 5.6 Perspective views of [Cu2(H2L2)(CI)zJ(CIO.)z·H20 (A) Core structure of 
complex, (8) perspective view of complex 
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Cu1-01 1.913(4) Cu1-N1 1.984(5) 
Cu1-02 2001(4) Cu1 -C11 2.3160(17) 
Cu1-CI ' 2.939(18) Cu2-01 ' 1.838(7) 
01-Cu1-N1 91 .07(19) 01 -Cu1-02 170.31 (18) 
N1 -Cu1-02 94 .77(18) 01 -Cu1-CI1 86.63(12) 
N1-Cu1-CI1 172.10(16) 02-Cu1 -CI1 88.56(13) 
Cu1-CI1 -Cu2' 70.52(12) Cu1 -CI1-Cu2 67.03(11 ) 
Cu2'-C I1 -Cu2 97.37(15) 
Table 5.4 Selected interatomic distances and (A) and angles (0) for 
[Cu, (H,L2)(CI),](CI04),·H,O 
The twist on the saturated side chain of the macrocycle is not as 'stepped ' as in the 
other complexes (figure 5.6 C). Th is is probably driven by the square pyramidal 
geometry of the Cu2 and Cu2' ions. The angle between Cu2 '-CI1-Cu2 , 97 .37(15), is 
greater compared to the other diagonal complexes e.g. CI1-Mn1-CI1 ', 90.263(15), 
therefore making the step or bend of the ligand plane is less steep. The Cu1-CI1 ' bond 
(2.939 A) is much longer than the Cu-CI1 bond (2 .316 A) . This is due to the Jahn-Teller 
distortion along the axial bond . 
View of 'bent' side chain [Cu, (H, L2)(CI),](CI04)iH,O 
Characterisation of dinucfear diagonal complexes 
Infrared Spectrum 
The Infrared spectra of this range of complexes were broadly similar. The macrocyclic 
nature of the complexes was confirmed by the absence of the amine and carbonyl 
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vibrations associated with the reactants . The presence of the split imine stretches 
between 1655 and 1636 cm-liB' ), which is suggestive of an unsymmetrical complex. As 
in the case of the dinuclear complexes discussed in the previous chapter, this feature is 
very important as it is probably due to two of the four imine nitrogen atoms being 
coordinated to a metal ions whereas the other two are simply protonated. 
FAB mass spectra 
The FAB mass spectra of the complexes are suggestive of the successful preparation 
of bridging chloride complexes. Table 5.5 shows the fragmentation pattem of 
complexes. The pattern shows the sequential loss of perchlorate and chloride ions. The 
fragmentation patterns are broadly similar except for [Ni,(L 1)(CI)'12+ where the solvent 
molecules are also seen in the fragments (for this reason they have been left out of the 
table below). In each case the main fragment is [M2(L)(CI)t. 
Complex [M, (L)] [M,(L)(CI)] [M, (L)(C I),] [M,(L)(CI)](CIO,) [M, (L)(C I),](C )(),) 
Cu2L 1 78 100 20 78 25 
Ni2L 1 97 26 (+sd"""l) 
Ni2L2 87 100 57 - 14 
Co2L 1 - 100 35 25 -
Mn2L1 - 100 37 28 -
Table 5.5 Fragmentation pattern and intensities for complexes of [M2(H,Ln)(CI)zl2+ 
Figure 5.7 below, shows the FAB mass spectrum of [Ni2(H,L 1)(Il-CI),(MeCN),](CIO,j,. 
The FAB mass spectra reveal a characteristic fragmentation pattern for these diagonal 
dichloride bridged complexes and can be used to characterise the complexes when no 
X-Ray data is available. 
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Figure 5.7 FAB Mass Spectrum of [Ni,(H,L 1 )(CI),(MeCN),](CI04),·2H,O 
m/Z Rellntensities Fragment Calc. m/Z 
606.2 97 [Ni, (HL 1}t 606.9 
643.2 100 [Ni, (L 1 )CH3CN] {-e-} 647.02 
679.2 26 [Ni, (L 1 )(CI)CH3CNr {-2e-} 682.4 
707.2 18 [Ni, (H,L 1 )(CIO.}t 707.4 
743.2 19 [Ni, (H3L 1 )(CI)(CIO.}t 743.9 
779.2 20 [Ni, (H.L 1 )(CI),(CI04)t 779.3 
Table 5.6 FAB mass peak table for [Ni,(H,L 1 )(CI),(MeCN),](CI04)i 2H,O 
This set of complexes has a distinctive characteristic peaks in the infrared and FAB 
mass spectrum analysis . This is useful when X-Ray data is not available . 
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5.3 Chloride Bridged Complexes 
There are many examples of first row transition metals complexes where two metal ions 
are bridged by chloride ions(99.106" in the manner shown below, figure 5.8. Chloride ions 
shown in bold represent the bridging groups. In these cases the chloride ions are 
coordinating two separate complex units . In these examples, the ligand entities are not 
imposing any geometric preferences on the length of the metal-chloride bond . 
The bond lengths of various acyclic dichloride bridged complexes are given below, e 
indicates chloride ions bound in the equatorial plane, a indicates chloride ions bound in 
the axial plane. 
Structure Metal M-CI Distance A M-CI' Distance A 
1 Cu 2.268(3)e 2.788(4)a 
2 Cu 2.6308(16)e 2.2683(15)a 
3 Cu 2.2737(7)e 2.3500(8)a 
5 Cu 2.264(3)e 3.147(4)a 
4 Co 2.310(1)e 2.534(1 )a 
5 Co 2.310(1)e 2.534(1)a 
5 Mn 2.443(1)e 2.542(1 )a 
6 Co 2.329(3)e 2.465(3)a 
7 Ni 2.3554(7)e 2.41 97(8)e 
8 Ni 2.3439(9)e 2.4490(10)e 
Table 5.7 Metal. . . Chloride bond distances of the complexes in figure 5.8 
In the case of the complexes of H4L 1 and H4L2 reported here the metal ions are bound 
within the macrocyclic ligand. The metal-chloride bond lengths for both sets of 
complexes i.e. acyclic and macrocyclic are very similar. It can therefore proposed that 
the geometry of all the diagonal complexes from the H4L 1 and H4L2 ligands, is imposed 
by the chloride ions . Thus, the double chloride bridge between the two metal ions 
imposes the distance between them. Also the preferred arrangement of the chlorides , 
one equatorial and one axial forces a 'step' or 'bend in the geometry of the macrocycle. 
This is not possible when the two metals are held along the same side of the 
macro cyclic cavity. 
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Figure 5,8 Structures of d ichloride bridged complexes 
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Complex Metal Cl equatorial Cl' axial 
[Cu,(H. L2)(I1-CI),](CIO.), Cu1 2.3160(17) 2.939 
[Co2(CI),(L 1 )](CIO.),2dmf Co 2.4705(8) 2.4722(7) 
[Mn2(H.L 1 )(11-CI),(dmf)2](CIO.), 2dmf Mn 2.5071 (5) 2.6097(5) 
[Nb(H. L 1 )(11-CI),(MeCN),](CIO.), Ni 2.4162(9) 2.4794(9) 
[Ni2(H. L2)(I1-CI),](CIO.), Ni 2.4239(7) 2.4561 (7) 
Table 5.8 Metal...Chloride bond distances of H.L 1 and H.L2 chloride bridged 
complexes 
This shows the influence of chloride ion in the reactions but also reveals the 
macrocycles versatility to be able to incorporate these bridg ing ligands within the 
structure. 
5.4 Conclusion 
These complexes have simple synthetic routes that produce clean samples of the 
product in good yield . The FAB mass spectra fragmentation pattem of these complexes 
is very as with the sequential loss of bridging chloride ions is easily observed . 
These metal bridged complexes vary a great deal from the benzotriazolate and 
pyrazolate complexes. In both cases the macrocycle experiences considerable folding 
to accommodate the exogenous ligands , however in the case of the chloride ions the 
metals are forced to diagonally opposite sites . This highlights the exogenous ligands to 
direct the coordination of the metal ions with the macrocycle. 
The potential for these complexes to act at dinuclear precursors to heteronuclear 
complexes has not yet been investigated. This would make an interesting extension of 
this investigation and possibly provide a route to heteronuclear complexes with Ma and 
Mb in diagonally opposite sites from one another and possibly displaying different 
characteristics. 
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CHAPTER VI 
Solid State Electrochemistry of 
Polynuclear Complexes 
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Introduction 
There has been a growing interest in the electrochemistry of sol id compounds. Sol id 
State Electrochemistry enables the investigation of the role and the fate of solid phases 
in the course of electrochemical reactions. In the past the electrochemistry of solid 
phases was extensively stud ied in the areas of primary and second batteries, 
electrochemical synthesis and corrosion(10n The relatively rare use of electrochemical 
methods for the analysis of solid compounds can be attributed to the fact that it has 
been difficult to carry out electrochemical measurements on solid phases. However 
improvements in electrochemical techniques over the last 20-30 years have allowed 
solid state electrochemistry to become a useful analytica l tool(1081. 
Aims 
To date, so lid state electrochemistry investigati ons on inorganic complexes has mainly 
focused on mono and dinuclear complexes. It is only recently that thi s technique has 
been used to investigate the electrochemica l characteri sti cs of more labile polynuclear 
macrocyclic complexes in aqueous electrolyte environment. 
Th is work was carri ed out to investigate the solid state electrochemistry of di-, tetra- and 
octacopper complexes of H, L 1 and H,L2. The electrochemistry of these polynuclear 
complexes is interesting for several reasons. Copper meta lloproteins are of key 
important natural redox systems(10.). Much syntheti c and biochemica l effort has been 
directed toward s understanding the structures and reactivity of these sites(110I. More 
recently a number of polynuclear reaction sites, have been characterised in redox 
active and in catalytically active metalloproteins. These include the average-valence 
CUA site in cytochrome C oxidase(111.,3), the tricopper site in blue copper oxidases(115) 
and, most recently, the Cu,S (Cuzl site of nitrous oxide reductase(11') . It would seem 
that the activity of these active sites is related to the interaction of the metal ions and 
therefore thei r proximity to one another is of key importance. Therefore the 
electrochemistry of this range of polynuclear complexes could provide useful 
information on such complexes in an aqueous electrolyte environment. 
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Solid state electrochemistry of polynuclear complexes of H4L 1 and H4L2 
Scholz(108) introduced a novel technique to study the electrochemistry of so lid 
microparticles immobil ised on the solid surface of an electrode. With this method, a 
sample of the solid is gently rubbed on to the surface of a su itab le electrode and the 
electrode is then placed in a solvent (electrolyte) in which the compound is insoluble. 
This has the advantage that no chemical bonding or alteration of the solid is needed . 
This allows the electrochemical studies to be preformed with small amounts of so lid 
even with single microparticles. It also provides a means of relating the electrochemica l 
behaviour to solid state structures determined by X-Ray crysta llogr<:phy. This is often 
not possible with conventional solution cycli c voltammetry due to the difficulty of 
establishing the geometry (and even coord inati on sphere) of the labile complexes in 
solution. 
Figure 6.1 is a schematic representation of the processes encountered in solid state 
voltammetryI116.1I7) . The reduction of the solid material occurs in two steps in which; 
(1 ) an interfacial process associated with electron hopping conducti on (figure 
6.1 b) at the solid I solution phase bou ndary occurs and 
(2) a bulk conversion of the solid (figure 6.1 c) associated with ion insertion or 
expulsion occurs. 
Several investigations on this type of solid state electrochemical processes of water-
insoluble metal complexes have been carr ied out(118) The electron transfer between 
solid and electrode surface is accompanied by insertion of ions into or expulsion of ions 
from the solid material for the overall process to obey charge neutrality. 
136 
(a) 
solid solution 
electrode 
(b) ! + 
electrode e-:J 
(C) H+ 
\=J J 
electrode e-:J 
Figure 6.1 Metal Complex Reduction Process 
Experimental 
Reagents 
KH2P04 , K2HP04 , KOH, H3P0 4 (85 wt%), NaOH, acetic acid, Cu(N03 j" DMSO 
(spectroscopic grade, Alrich), and NBu, PF6 (electrochemical grade, Fluka) were 
obtained commercia lly and used without further puri fi cation. Deminera lised and fil tered 
water with a resistivity of not less than 18 MO cm was obta ined from an Elgastat water 
purification system (Elga, Bucks, UK). Solutions were de-aerated wi th argon 
(Pureshield, BOC) for at least 15 min prior to undertaking experiments. 
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Instrumentation 
Voltammetric experiments were carried out with a PGSTA T 30 Auto lab potentiostat 
system (Eco Chemie, Netherlands) in a three-electrode conical glass cell. The set-up of 
the experiment is shown below in figure 6.2. 
Counter 
Electrode 
Working 
Electrode 
Reference 
Electrode 
Figure 6.2 Electrodes in the electrochemical cell 
For experiments in DMSO solution, a Pt counter electrode, an Ag/AgO pseudo-
reference electrode with ferrocene as the internal standard , and a 3 mm diameter 
glassy carbon working electrode (BAS) were employed. In aqueous solution the counter 
electrode was a Pt gauze, the reference electrode was a saturated calomel electrode 
(SCE, Radiometer REF 401), and the working electrode was prepared as follows. A 4.9 
mm diameter basal plane pyrolytic graphite electrode, polished with SiC paper (1200 
grit) , was pushed into a 1-3 mg quantity of the metal compound on a clean filter paper. 
By moving the electrode gently applied pressure, a reproducible and even coverage of 
mechanically adhered microcrystalline particles was achieved. Figure 6.3 shows the 
structures of the di- (complex 1) and tetracopper (complex 2) complexes used in this 
investigation. 
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1 2 
Figure 6.3 Structures of complexes 1 [Cu,(OH)(H3L)r and complex 2 
[Cu.(OH)(L)]3+ 
6.3 Solution cyclic voltammetry of a dicopper complex of H.L 1 (119) 
This work has been carried out in collaboration with Frank Marken. Dissolved in organic 
solvents, the di- and tetracopper metal complexes 1 and 2, are redox active in a 
potential range characteristic for the reduction of Cu(II) metal complexes. A solution of 
1.5 mM of the dicopper complex 1 in DMSO (0 .1 M NBu.PF.) allows the reduction to be 
detected , commencing at a potential of -0.8 V vs. ferrocene (figure 6.4). The reduction 
peak is broad and, after reversal of the scan direction, two small "product peaks" are 
observed. When compared with voltammograms obtained for Cu(N03h in DMSO, the 
two oxidation processes detected at Ep=-0.85 V and at Ep=-0.38 V vs. ferrocene are 
identified as CUO/+ and Cu2+1+ redox systems respectively. From the voltammetric data it 
can be inferred that the electrochemical reduction of compound 1 is followed by rapid 
decomplexation and copper metal deposition . The free ligand fomned during 
decomplexation diffuses into the solution phase resulting in the overall process to 
exhibit chemically irreversible and complex characteristics. Useful information about the 
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properties of copper complexes 1 and 2 is not easily extracted from this type of 
voltammetric data obtained in DM SO solution. 
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Figure 6.4 Cyclic voltammogram (scan rate 0.1 V s") for the reduction of dicopper 
complex in DMSO (0 .1 M NBu4PF,) at a 3 mm diameter glassy carbon electrode. 
Solid state voltammetry of di-, tetra· and octa copper complexes of H4L in 
aqueous phosphate buffer!l19) 
The redox properties of the solid copper complexes 1 and 2 were explored in buffered 
aqueous solu tion environments. In these solutions the complexes are essentiall y 
insoluble, although a gradual increase in solubi lity was observed at lower pH values 
(vide infra). Microcrystalline powders of the complexes are mechanically adhered to the 
basal plane pyro lytic graphite electrode surface and then immersed in aq ueous bu ffer 
solution. The basal plane pyrolytic graphi te electrode is prepared by cutting the graphite 
parallel to the graphene layers. Figure 6.6 shows SEM micrographs of the 
microcrysta lline solid of [Cu4(L2)(OH)](N03h , mechanically ad hered to a graphite 
electrode (a) before and (b) after reduction at - 1.0 v vs. SCE for 60 seconds in 0.1 M 
phosphate buffer at pH 4. 
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The cycl ic voltamograms of these complexes give characteristic responses. Figure 6.5 
shows the voltammetric signals for the reduction of the tetra-copper complex 2 (Figure 
6.5a) and for the di-copper complex 1 (Figure 6.5b), both in the form of a 
microcrystalline powder immersed in aqueous 0.1 M phosphate buffer at pH 6. Several 
reduction processes are detected in the potential range from -0.2 to -0.7 V vs. SCE. 
The reduction of the ligand itself is not expected in this potential range, and therefore the 
processes are proposed to be those of the copper ions. 
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Figure 6.5 Cyclic voltammograms for the reduction of solid tetracopper (a) and 
for solid dicopper hydroxo complex (b) 
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Duri ng the course of the first potential cycle two reduction peaks are detected for the 
tetracopper complex 2 (Figure 6.5a) at Ep,c2 = -0.26 V vs, SCE and at Ep,c3 = -0,51 V vs, 
SCE, In contrast, for the dicopper complex 1 during the fi rst potential cycle only one 
red uction peak at Ep,c3 = -0.51 V vs, SCE is detected (Figure 6.5b), After reversa l of the 
sca n direction for both types of metal complexes one anodic signal is detected at Ep.A1 = 
-0.05 V vs, SCE, 
These redox processes infer that a de-metalation and reformation of the copper metal 
occurs at the electrode surface, This is illustrated in equations 1 and 2: 
Process C2 : [Cu4(L)(OH)]3+(S) + 3 H+(aq) + 4 e' 
- ) [Cu2(H3L)(OH)] 2+(S) + 2 Cu(s) (1) 
Process C3: [Cu2(H3L)(OH)]2+(S) + 2 H+(aq) + 4 e-
-> H, L(s) + 2 Cu(s) + H20 (2) 
The oxidation process associated with the two red uction processes involves anodic 
stripping of the copper metal deposit from the electrode surface. This can be confi rmed 
in an experiment employing Cu2+ in soluti on. The voltammogram obtained for the 
reduction of Cu2+ in 0.1 M phosphate buffer at pH 6 is shown in Figure 6,5 c, Reduct ion 
at Ep,c1 = -0,17 V vs, SCE is detected fol lowed by an anodic response at Ep.A1 = -0.05 V 
vs, SCE, Stopping the potential cycle at -0,5 V vs. SCE causes accumulation of copper 
metal with a corresponding increase in the oxidation response. Therefore the process 
associated with PA1 and PC1 can be identified as copper stripping and deposition, 
respectively (equation 3 and 4), 
Process A1 : Cu(s) -> Cu2+(aq) + 2 e' (3) 
Process C1 : Cu2+(aq) + 2 e' ~Cu(s) (4) 
It is interesting to follow the electrochemical processes associated with reduction of 
solid compounds 1 and 2 over several cycles, For the dicopper complex 1 a new 
reduction signal at Ep,c2 = -0.26 V vs, SCE is detected in the second and the foll owing 
potential cycles. This cathodic response can be identified as the reduction of the 
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tetracopper complex 2 (see equation 2). Therefore complex 1 must have re-formed 
together with complex 2 surprising ly quickly after oxidation of the copper deposit. The 
exact rate constants for the overall reaction sequence are difficult to extract. However, a 
rough estimate can be obtained from the voltammetric data as follows: 
k, 
L + Cu" ----.~ LCu" 
d[LCu" ] = ra te = k, x [L] [Cu" ] = k,' [Cu" ] 
dt 
k, ' 
" 
vF = 0.1 F " 
RT RT 
(5) 
(6) 
(7) 
Equation 5 indicates the chemical reaction step, which follows oxidation of solid copper 
metal (process A 1). The Cu" cations are captured by the free ligand (or partially filled 
ligand) denoted 'L'. The reaction is formally bimolecular but can be expressed in form of 
a monomolecular rate law (equation 6). An approximate value for the monomolecular 
rate constant, k,' = 4 s" , can be obtained from the scan rate employed , v = 0.1 V s" , 
and from the fact that at this scan rate a very small amount of free Cu" is detected 
(process C 1). 
In the solid state voltammetric responses for the tetra copper complex 2 a further 
reducti on signal appears in the second and third cycle at Ep.c, = -0.17 V vs. SCE. This 
reducti on response is believed to be associated with copper, CU" (2q), formed during 
the preceding oxidation process (see equation 4). This process is not detected for the 
dicopper complex 1 (see Figure 6.6b) because of the more favourable ratio of ligand to 
Cu" (aq) 
The vol tammetric responses are not sign ificantly affected by rotating the electrode 
during the course of measurements. Th is observation confi rms that so lids are formed in 
the reduction process. A lso, comparison of the vo ltammetric characteristics for copper 
complexes of H. L 1 and H. L2 suggest that minor alterations of the ligand have 
essentially no effect on the solid state voltammetric responses. 
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The reduction of the metal complex yields copper metal and free ligand as prod ucts 
deposited on the electrode surface. Figure 6.6a shows SEM images of the tetracopper 
complex 2 adhered to the graphite electrode surface in form of microparticles. After 
reduction for one minute at -1.0 V vs. SCE in aqueous 0. 1 M phosphate buffer at pH 4 
copper deposits of typically 100 nm size are formed (confirmed by energy dispersive X-
ray analysis) at the electrode surface (see Figure 6.6b). 
.. 
5 ~L1n (b) 
Figure 6.6 SEM micrographs of the microcrystalline solid of [Cu. (L2)(OH)](N03h. 
mechanically adhered to a basal plane pyrolytic graphite electrode (a) before and 
(b) after reduction 
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In summary, although complex, the overall reaction sequence during so lid state 
voltammetry of the di- and tetracopper metal complexes 1 and 2 may be explained 
based on equations 1 to 4, A schemati c presentation of the process is shown in Figure 
6_7, 
Metal 
reduction 
~ 
oxidation 
Ligand 
Figure 6,7 Schematic representation of the reversible solid state convers ion of 
metal complex to metal deposit and free ligand. 
Effect of pH on the solid state voltammert ric response H4L complexes I119) 
The voltammetric characteristics observed for both complexes 1 and 2 are highly 
sensitive towards changes in the concentration of protons, Figure 6,8 shows a series of 
first and second cycle solid state voltammograms for the red uction of microcrysta lline 
dicopper complex 1 mechanically adhered to a graphite electrode, 
It can be seen that (i) a shift of the voltammetric responses towards more positive 
potential occurs and (ii) a considerable increase in peak current is detected upon 
increasing the proton concentration, Voltammetric data are summarised in Table 1, The 
shift in peak potentials is indicating that proton electro-insert ion and expulsion 
processes accompany the redox process, 
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Figure 6.8 Cyclic voltammograms (first and second cycle shown , scan rate 0.1 V 
s" ) for the reduction of solid di-copper complex 1 with R = CH3 mechanically 
adhered to a 4.9 mm diameter basal plane pyrolytic graphite electrode immersed 
in aqueous 0.2 M phosphate buffer at (a) pH 8, (b) pH 6, and (c) pH 4. 
146 
In the plots shown in Figure 6.8, the shift for the peak potentials Ep.c3, Ep.c" and Ep.Al 
can be seen to be approximately 44 mV per pH (see lines) over a limited pH range from 
4 to 8. This observation may be explained by a process involving uptake of th ree 
protons for every four electrons transferred , as shown by equation 1. The 44 mV shift 
per pH is predicted by the Nernst eq uation as shown below: 
Process C2: [Cu4( L)(OH)]3+(s) + 3 H+(aq) + 4 e-
[Cu, (H3L)(OH)]' +(s) + 2 Cu(s) (1) 
Eobs = EO- RT In [Cu,( L)(OH)l'+] [W(aq)] [eO] 
nF [Cu, (H3L)(OH)]' +] [Cu(s)] 
EO- RT In 1 
4F [H+]3 + Constant 
EO + RT In [H+]3 + Constant 
4F 
EO + 2.303 x 3 x RT x pH + Constant 
--
4F 
EO + 44 mV x pH + Constant 
The stoichiometry of proton uptake given in the equation for process C2 is in agreement 
with the experimenta ll y observed shift. However, processes C3 and A 1 are not 
quantitatively consistent with the magnitude of the experimental sh ift. From equation 2 
the predicted shift for C3 would be 30 mV as two protons are taken up for every four 
electrons. A 1 has no proton uptake associated with the process therefore should be 
unaffected by the proton concentration . However for both process C3 and A 1, these are 
not the results observed and it is likely that these processes are overal l more complex 
(e.g. involving anion exchange and proton expUlsion from the ligand). 
Process C3 : [Cu, (H3L)(OH)] ' +(s) + 2 H+(aq) + 4 e-
--> H, L(s) + 2 Cu(s) + H,O 
Process A1 : Cu(s) --> Cu'+(aq) + 2 e-
(2) 
(3) 
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REDOX Ep,c21 Ip,c2 ' I Ep,c31 Ip,c3 ' I Ep,A,1 Ip,A' 'I 
SYSTEM: V vs, I!A V vs. I!A V vs, IlA 
SCE SCE SCE 
pH 8 -0.33 -42 -0.57 -79 -0.09 67 
pH 6 -0.20 -75 -0.45 -192 0.0 158 
pH 4 -0.18 -45 -0.38 -166 0.07 545 
Table 6,1 the peak current Ip may change by +1- 30% depending on the amount of 
deposit at the electrode surface, 
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Figure 6,9 Peak potential vs , pH 
I 
15 
Figure 6.9 shows a plot of peak potential versus pH data obtained from cycl ic 
voltammograms (second cycle, scan rate 0.1 V s" ) for the reduction of solid di-copper 
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complex 1 mechanically adhered to a 4.9 mm diameter basal plane pyrolytic graphite 
electrode immersed in aqueous 0.2 M phosphate buffer. Lines correspond to a shift of 
44 mV per pH unit. 
The increase in peak current observed at increased proton concentration suggests that 
the reduction as well as the re-oxidation processes in the presence of acid penetrate 
further into the sol id. Increasing the concentration of protons to pH 2 leads to 
dissolution and decomposition of the poly-nuclear copper complexes in the aqueous 
buffer solution. 
The shift in reduction peak potential observed between the reduction of free Cu2+ in the 
aqueous buffer phase (process C1) and the reduction of Cu2+ bound in complex 1 
(process C3) or bound in complex 2 (process C2) indicates the copper binding of the 
complex is. The absence of reaction intermediates such as complexes with one or three 
copper cations bound into the ligand can be rationalised based on interactions in the 
metal complex. 
I I 
N OH N 
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Figure 6.10 The four potential coordi nation sites of the ligand 
Figure 6. 10 shows the four possible coordination sites of the ligand . The presence of a 
Cu2+ ion coordination site 1 favours coordination of a second Cu2+ in coordination site 2. 
In order to fi ll the rema ining two vacant coordination sites 3 and 4, protons have to be 
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removed and the metal-ligand interaction for the first two Cu2+ is probably weakened. 
The bond lengths support this view. In the dicopper complexes the Cu-OH bond 
distances average 1.935 A; however, in the tetracopper complexes the centra l cavity is 
slightly larger than optimal for the hydroxide ion and the Cu-OH distances are 
significantly longer (av 2.105 A). 
The two copper ions coordinated in sites 1 and 2 are bound more strongly to the ligand , 
as indicated by the reduction potential (process C3) of the copper metal ions in the 
dicopper complex. This supports the observations already seen in this investigation that 
the dicopper complex arrangement is quite stable relative to the mono- and trinuclear 
complexes of H4L 1 and H4L2. 
This supports the observation that, while template synthesis using four equivalents of 
copper ions yields the tetracopper complex, the "metal-deficient" template syn thesis 
using only two equiva lents of copper gives a good yield of the dicopper complex without 
contamination by the tetranuclear analogue. This implies that the dicopper complex is, 
at least, kinetically preferred to the mono-, tri- , and tetranuclear complexes 
Cone! usions 
The solid state electrochemistry of the di- and tetracopper complexes of H4L 1 and H4L2 
give some interesting information of the reactivity and stability of these complexes. It 
has been shown that di- and tetracopper metal complexes may be reversib ly de-
metalated in a solid state electrochemical process. In aqueous solution at a sufficiently 
negatively polarised electrode, the insoluble tetra-copper complex releases two Cu2+ 
cations to form copper metal and the di-copper complex. In a second reduction step the 
di-copper complex releases two more Cu2+ . Both the di- and the tetracopper complexes 
are re-formed upon oxidation. The solid state voltammetric data indicates that in 
aqueous buffer solution strong binding of the ligand to metal ions occurs. 
This information may not have been obtainable from solution cyclic voltammetry 
experiments as the de-metalation of the complex in solution would have led to the free 
ligand and the metal ions diffusing away from each other making it difficult for them to 
reform to the original complex during the oxidation process. In the case of the solid 
state experiment, although the copper ions are de-metalated they remain wi th in close 
enough proximity to the ligand to allow the complex to reform easily. This makes solid 
state voltammetry a useful technique for studying the redox properties of these 
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complexes. The information obtained from the solid state electrochemistry of these 
complexes has provided further insight to thei r characteri sti cs and properti es. 
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CHAPTER VII 
Experimental 
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7.1 Instrumentation 
Infrared Spectroscopy 
The infrared spectra were recorded as KBr pellets in the range 450 - 4000 cm-1 using 
a Perkin-Elmer 1600 or Bio-Rad FTS-185 Fourier transform spectrometer. 
Elemental Analysis 
Elemental Analysis were carried out in Queens UniverSity on a Perkin-Elmer PE240 
automatic CHN analyser by A.S .E.P. and at Loughborough University on a Perkin-
Elmer 2400 elemental analyser by Mrs Pauline King . 
Mass Spectroscopy 
The Fast Atom Bombardment mass spectrometry (FAB-ms) were recorded at the 
EPSRC Mass Spectrometry Service, University of Wales, Swansea. 
Crystallography 
The crystallographic data was collected using a Siemens P4 four-circle diffractometer, 
or a Bruker SMART AXS 1000 CCD diffractometer using Mo-K radiation (0 = 0.71073 
A) and line 9.8 of the Synchrotron Radiation Source at Daresbury. All structures were 
refined by full matrix least squares methods on F2 using all data. All the programs used 
in the final structure refinements are contained in the SHELX97 package(120). 
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7.2 Solvents 
Solvents used for preparative chemistry were chemically pure grade and were used 
without further purification unless stated otherwise. Chemicals that were not prepared in 
this work were Analar or reagent grade and were used wijhout further purification. 
Dry Methanol and Ethanol 
The solvents were dried by a process involving the formation of magnesium 
methanoate/ethanoate(121) followed by the removal of water through the formation of 
magnesium hydroxide as shown by the following equations: 
Mg + 2CH3CH20H ~ Mg(O~Hsh + H2 
Mg(C2HsOh + 2H20 ~ Mg(OHh + 2CH3CH20H 
To dry 1 L of solvent, 5 g of magnesium turnings and 0.5 g of iodine were refluxed in 
100 ml of ethanol (or methanol) for 1 hr. The mixture was refluxed until the h had 
disappeared and the whije ethoxide (or methoxide) precipitate had formed. Ethanol or 
methanol (900 ml, dried over 4 A molecular sieves) was then added and the solution 
refluxed for approximately 3-4 hrs. The dry solvent was then distilled off into a pre-dried 
solvent bottle containing 4 A molecular sieves. 
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7.3 Synthesis of Organic Ligands 
Preparation of 4-methyl-2,6-diformylphenol (dfmp) 
dfmp was prepared from p-cresol in two steps using the method of Gagne(122) et al for 
the first step and the method of Taniguch~123) for the second step. 
Step 1: Preparation of 2,6-<fihydroxy-methyJ-4-methyJphenol 
To a solution of NaOH (40 g, 1 mol) in H20, (160 ml) was added 4-methylphenol (p-
cresol) (108g, 1 mol). The mixture was stirred for up to 20 min until a golden brown 
solution had formed. Next, 170 ml of 37% (w/v) formaldehyde (2 mol) was added while 
stirring. The mixture was left to stand for up to 2 days until an off-white solid had 
precipitated. The solid was collected by filtration, and the filtrate was left to stand to 
obtain a second crop of off-white solid. The solid was washed once with 100 mJ 
saturated NaCI solution. (Caution - excess washing dissolves the white solid). 
OH 
o 
+ 2 )l 
H H 
NaOH 
.. 
OH O·Na+OH 
The off-white solid was fully dissolved in water (approx. 1 litre), then acidified to pH -5 
with acetic acid while stirring, causing a fine white powder (2,6-dihydroxy-methyl-4-
methylphenol, DHMP) to precipitate. After stirring for 10 mins the white powder was 
collected by filtration and dried in a vacuum desiccator ovemight. (Yield - 100 g, 61 %). 
Acetic Acid 
• 
OH O·Na+OH OH OH OH 
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Step two used the method of Taniguchi('23). Mn02 (130 g) was activated by heating in a 
fumace at 150°C ovemight, then cooled to room temperature and added to a slurry of 
50 g of 2,6-dihydroxyI4-methylphenol in ca. 700 ml toluene in a 5L 3-necked flask. The 
mixture was heated under reflux overnight with constant overhead stirring. 
OH OH OH 
I 
o 
The solution developed a yellow colour, and was then filtered (using a large porosity 4 
glass sinter funnel) and dried over MgS04 . The MgSO. was removed by filtration. The 
toluene was distilled off under vacuum to leave a yellow solid (2,6-diformYI-4-
methylphenol). The yellow powder was dried under vacuum until absolutely dry. 
Yield 38 g, 77 %. 
3 
4 
.& 
I 6 I 5 
o OH70 
IR: v 926 (s), 1303 (s), 1682 (s), 2923 (s,m), 3435 (m,b) cm·' 
NMR spectrum (CD30D) 'H: H1 2.38, H3 7.9, H5 10.20, H7 11.44 ppm 
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Preparation of 2,6-diformyl-4-tertbutylphenol (tdfp) 
tdfp was prepared in two steps. Step one; 4-tertbutyl-2,6-bis(hydroxymethyl)phenol was 
prepared by the method of Drago et al(124). 
.. 
o 
+ 2 )l 
H H 
NaOH 
OH OH O-Na+OH 
NaOH (0.838 mol) was dissolved in 800 ml of water in a 2 L three-necked round bottom 
flask. Para-'butylphenol (100 g, 0.667 mol) was added to the NaOH solution and the 
mixture was stirred mechanically and heated gently until all the solid was dissolved. The 
pale orange solution was cooled to room temperature before 37% (wlv) formaldehyde 
solution (115 ml, 1.42 mol) was added to the stirred solution. The solution was then 
stirred for 6 days resulting in a yellow suspension. The mixture was then slowly 
neutralised with conc. HCI (74 ml), the solution then turned from a reddish brown to a 
yellow suspension, then to an orange oil with a white aqueous suspension. The 
aqueous layer was decanted and the organic phase was washed with 3 lots of water 
(50 ml). Distilled water (330 ml) and chloroform (470 ml) were then added and the 
mixture was shaken. The mixture was allowed to separate. The chloroform layer was 
iSOlated and dried over anhydrous MgS04 (70 g) overnight. The chloroform was 
removed under vacuum to leave a golden brown oil. The oil was then redissolved in 200 
ml of chloroform and left in the freezer overnight. This was then treated with toluene 
giving a white powder and an orange oil. The white powder was then separated from 
the orange oil under vacuum and left to dry under vacuum overnight. The product 
precipitated and was collected by filtration then dried under vacuum. Yield 60 g. (0.3 
mol) -50%. 
Step two used the method of Taniguchi(123). Mn02 (130 g) was activated by heating in a 
furnace at 150°C overnight, then cooled to room temperature and added to a slurry of 
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4-'butyl-2,6-diformylphenol (50 g) in ca. 700 ml toluene in a 5L 3-necked flask. The 
mixture was heated under reflux conditions overnight stirring all the time with an 
overhead stirrer. 
.. 
OH OH OH I o 
The solution developed a golden brown colour. The manganese dioxide was removed 
by slow filtration through filter paper to remove the bulk, and through a layer of silica to 
remove the traces. The liquor wa5 dried over MgSO. overnight. The MgS04 was 
removed by filtration and the remaining toluene removed under vacuum. The solution 
turned into a yellow black oil, which was dissolved in methanol and left to evaporate in 
air overnight. The product precipitated within 24 hrs. 
1 
2 
3 
,-,:::4 
~ 
5 
6 
I 7 I 
0 OH 80 
Yield: 15.8 g, 32% 
IR: v 616 (5), 980(5), 1598(s,5), 2867(m), 2966(5). 
NMR spectrum (CD30D) 'H: H1 1.4, H4 8.0, H610.3, H811.5 ppm 
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Preparation of 1,5-diaminopentane-3-01 dihydrochloride 
1,5-diaminopentane-3-01 dihydrochloride was prepared in 50% overall yield from 3-
chloropropionyl chloride in four steps using the method reported by Wikaira(97), which is 
an adaptation of the overall method of Owen et al(125) and Murase et al(126). 
Step 1: 3-chloropropionyl chloride -7 1,5 dichloropentane-3-one 
.. 
o 
CI~CI 
2 
The Friedal-Crafts alkylation as reported by Owen was carried out. 3-chloroproprionyl 
chloride (100g, 0.76 mol) was added slowly to a mechanically stirred and cooled (ice 
bath) suspension of dry AICb (147g, 1.10 mol) in dichloromethane (200 ml - dried over 
sieves). The reaction was carried out in a three-necked flask. HCI gas was evolved 
during the addition. This was neutralised by passing the gas through solid NaOH. The 
solution was allowed to warm to ambient temperature and ethylene gas was added to 
the mixture for a minimum of 5 hrs. It was found that really vigorous stirring at this step 
of the reaction significantly increased the yield and that it was not necessary to have the 
gas bubbling through the mixture but simply replacing the ethylene atmosphere as it 
was used, was sufficient. The golden solution was then tested for starting material by 
taking about 0.1 ml, adding the same amount of water, separating the CH2CI21ayer, and 
after evaporating the CH2CI2 , examining the infrared spectrum of the remaining oil. An 
absorption band at 1715 cm-1 was indicative of the product and the disappearance of 
the initial carbonyl stretch at 1790 cm-1 verified the completion of the reaction. 
Continuing to stir the stoppered reaction for some time, (e.g. overnight) further 
increased the yield, after the gas flow had been discontinued. The resulting solution 
was then added cautiously, maintaining the temperature below 20 DC, to a slush of ice 
(400 ml i.e. the aqueous layer), dichloromethane (100 ml) and conc. HCI (40 ml) in a 
high-sided beaker. A little extra HCI was added to ensure that all the AICI3 had been 
removed. The blue-black organiC phase was separated, washed with 4 * 400 ml of 
water, the water layers were saved and re-extracted with CH2CI2 and the combined 
organic layers dried over MgSO. for 2 hrs. Evaporation of the dichloromethane under 
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vacuum left 1,5-dichloropentan-3-one as a blue-black oil. The greatly improved yield 
(94% c.f. Lit. 55%) is partly attributed to the vigorous and prolonged mixing with the 
ethlyene at this step of the reaction. 
Yield: 114.1 g, 94%. 
IR: v (C-H) 2972, v (C=O) 1720 cm-l 
NMR (CDC!,) lH: H1 2.94 (t), H2 3.76 (t) ppm 
Step 2: 1,5-dichloropentan-3-one -> 1,5 diphthalimidopentan-3-one 
o 
CI~CI 
o ~,~ 
o 
Phthalimide groups were substituted for the chlorides by the method of Murase et al(126). 
It was decided that the phthalimide should be in at least a 2:1 ratio to the ketone at this 
step (for some reason none of the previously reported synthesis have greater than a 
1:3:1 ratio). Potassium phthalimide (329 g, 1.772 mol) was vigorously stirred in 
dimethylformamide (630 ml, dried over molecular sieves), while crude 1,5-
dichloropentan-3-one (140.96 g, 0.886 mol) was added drop wise over one hour during 
which time the suspension increased in temperature and changed colour from white to 
brown. The resulting mixture was heated at 80-85 ·C for 6 hrs and allowed to stand at 
room temperature overnight. The resulting 1 ,5-diphthalimidopentan-3-one was collect in 
a frit under vacuum and washed successively with chloroform (as this wash removes 
the excess organics' it was repeated), water and acetone to produce an off-white 
powder. 
Yield: 191.66 g, 66.5 % 
IR: v 1774 (s), v 1708 (s, b) cm-l 
NMR (DMF) l3C: C1 206.92, C2 33.37, C3 40.87, C4 168.5, C5 132.73, C6 123.55, 
C7 134.97 ppm 
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Step 3: 1,5-diphthalimidopentan-3-one -> 1,5-diaminopentan-3-one 
dihydrochloride 
CH3C02HIHCI ° 
Reflux 3 dayS' CI-NH.~ NH ·CI-3 2 3 
The harsh reaction conditions outlined by Murase et al were used to cleave the five-
membered phthalimide ring releasing phthalic acid (a by product) and 1,5-
diaminopentan-3-one dihydrochloride. 1 ,5-diaphthalimidopentan-3-one (189.87 g, 0.509 
mol) was boiled in a mixture of acetic acid (475 ml) and conc. HCI (306 ml) with 
additional 17 ml aliquots of conc. HCI being added at 8 hourly intervals over a period of 
3 days until 170 ml had been added. On cooling, the fawn precipitate of phthalic acid 
was filtered off and washed with water. The combined filtrates and washings were 
evaporated nearly to dryness under reduced pressure, - 400 ml of water added and the 
undissolved phthalic acid filtered off. The filtrate was concentrated to - 50 ml under 
vacuum, -700 ml of ethanol added and the resulting white precipitate, 1,5-
diaminopentan-3-one dihydrochloride collected in a frit under vacuum. If pure ketone is 
required it is best to rinse the product with EtOH as the phthallic acid is soluble in this 
but the ketone is not. 
Yield: 93.17 g, 96.8 % 
1R: v 2997 (s, b), 1716 (s), 1581 (s), 1520 (s) cm-' 
NMR (020) 'H: H1 3.14 (t), H2 2.91 (t) ppm 
13C: C1 209.10, C2 34.75, C3 39.33 ppm 
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Step 4: 1,5-diaminopentan-3-one dihydrochloride ~ 1,5-diaminopentan-3-
01 dihydrochloride 
2. HCI 
OH 
CI·NH ·~3 NH ·CI· 
a 1 2 a 
1. NaOH/NaBH4 , 2 days 
• 
Reduction of the carbonyl function to an alcohol was carried out by the method of 
Murase et al. Several aliquots of 1,5-diaminopentan-3-one dihydrochloride (70.0 g, 0.37 
mol total) were added to a solution, maintained below 20 ·C, of NaOH (29.5 g, 0.72 
mol) and sodium borohydride (20.8 g, 0.55 mol) in 300 ml of water. The reaction 
solution was stirred at room temperature for 48 hrs after which time 2M HCI was added 
slowly and carefully to the cold solution until the pH was -1. The solution appeared 
black during this step but reverted to colourless on standing. The solution was 
evaporated under vacuum to a dry white solid. Excess boric acid was removed, as its 
methyl ester, by adding methanol to this product and then evaporating off the ester 
under vacuum. The addition of methanol and evaporation to dryness were repeated 
three times. 1000 ml of methanol were added to the final residue, the mixture refluxed 
for 30 mins, cooled and filtered to remove the resulting NaCI. The final step is to 
concentrate the filtrate and pour it into diethyl ether. This usually resulted in a lump of 
product, which then had to be recrystallised to purify it. It was decided to try adding the 
oil product to stirring diethyl ether to prevent it settling into a lump. The filtered solution 
was concentrated to - 90 ml and then added slowly to 900 ml of stirring diethyl ether. 
This was most easily achieved by allowing the oil to drip slowly through a filter paper 
into the ether. A white powdery product formed immediately on contact of the oil with 
the ether and more product formed if the mixture was allowed to sit in the refrigerator at 
- 4 ·C overnight. This method achieved an almost quant~ative conversion at this step 
and the melting point and chemical analysis showed that the product was pure enough 
not to require recrystallisation. This adaptation is considered to be the second factor in 
the greatly improved overall yield of this preparation. 
Yield: 69 g, 98 %. 
IR: 1570(5), 1600(5), 3030(sb), 3380 (sb) cm·'. 
NMR (CDaOD) 'H: H1 3.86, H2 1.84, H3 3.09 ppm. 
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Synthesis of Di- Tetra- and Octanuclear complexes of liqands H.L1 and H.L2 
7.4 Tetracopper Complexes 
Complex 1 [Cu.(Il-OH)(L1)](BF.).-2H20 
Cu(BF .).-6H20 (1.38 g, 4 mmol) and dfmp (0.33 g, 2 mmol) were dissolved in hot, dry 
EtOH (40 ml) and refluxed for 30 min. On reflux the solution become yellow/ brown. 
dahp (0.382 g, 2 mmol) was neutralised with KOH (0.224 g, 4 mmol) in MeOH/EtOH 
(1:1, 30 ml). This solution was placed in the freezer for 30 mins, after which it was 
added to the refluxing solution through filter paper to remove KCI. Refluxing continued 
for 12 hrs after which the reaction mixture was filtered hot and rotary evaporated to 10 
ml yielding a green solid. This was fi~ered and washed with water (3*5 ml), to remove 
inorganic impurities, and dried under vacuum overnight. 
Yield: 0.46 g, 44%. 
IR: v (C-H) 2923, v (C=N) 1641, v (C-O) 1566, V3 (BF.) 1083 cm" 
CHN: Calc for Cu,C2,H37N.07B3F'2 C, 31.84; H, 3.53; N, 5.30. Found: C, 32.20; H, 
3.93; N, 5.16. 
FAB-MS (% Abundance): 714.0 (24) Cu.(L 1)(Il-OH), 653.1 (100) CU2(L 1)(1l-0H)(H20)" 
616.1 (74) CU2(L1). 
[Cu.(Il-OH)(L 1 )](BF.k2H20 
Cu(BF.),.6H20 (1.38 g, 4 mmol) and dfmp (0.33 g, 2 mmol) were dissolved in 50 ml dry 
MeOH. A solution of neutralised dahp (0.382 g, 2 mmol) in dry MeOH (10 ml), was 
added to the Cu/dfmp solution. (The dahp was obtained by neutralising a solution of the 
dihydrochloride salt with KOH). This was stirred for 12 hrs. The solution was filtered and 
washed with water (3'5 ml) and left to dry overnight under vacuum. 
Yield: 0.38, 36 %. 
IR: v (C-H) 2925, v (C=N) 1640, v (C-O) 1551, V3 (BF.) 1083 cm" 
CHN: Calc for Cu,C2,H37N.07B3F'2 C, 31.84; H, 3.53; N, 5.30. Found: C, 31.92; H, 
3.82; N, 5.70. 
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This complex was prepared in a similar way to [Cu.(J.I-0H)(L1 )][(BF.)a. using 
Cu(N03h6H20 (1.2 g, 4 mmol), in place of the tetrafluoroborate salt. 
Yield: 0.52 g, 52.3 % 
IR: v (C-H) 2920, v (C=N) 1642, v (C-O) 1565, V3 (N03) 1384 cm-'. 
CHN: Calc for Cu.C,.H3.N70 17 C, 33.64; H, 3.93; N, 9.81. Found C, 33.35; H, 4.07; N, 
10.27. 
This complex was prepared in a similar way to [Cu.(J.I-0H)(L 1)][(N03h, using tdfp (0.41 
g, 2mmol) in place of dfmp. The mixture was allowed to reflux for 24 hrs, concentrated 
to approximately 10 ml, and refrigerated ovemight. After filtration to remove a small 
amount of white solid (KCI), the filtrate was treated with diethyl ether, which caused 
precipitation of a green powder. This product was collected, redissolved in minimum 
amount of EtOH, refluxed for 1 hr and allowed to stand overnight at room temp. The 
dark green solid that separated was filtered off, washed with EtOH, and crystallised 
from slow diffuSion of diethyl ether into an acetonitrile solution of the complex. 
Yield: 0.69 g, 64 %. 
IR: v (C-H) 2961, v (C=N) 1643, v (C-O) 1566, V3 (N03) 1384 cm-'. 
CHN: Calc for Cu.C3.H5,N70 17 C, 37.67; H, 4.74; N, 9.05. Found C, 37.69; H, 4.91; N, 
9.26. 
Complex 4 [Cu.(J.I-OH)(L2)][(CIO.h·EtOH 
This complex was prepared in a similar way to [Cu.(J.I-0H)(L2))[(N03)33H20, using 
Cu(CIO.)i6H20 (1.48 g, 4mmol). The reaction mixture was left to reflux for 20 hrs and 
the green solid that separated was filtered off, washed with dry EtOH (3*5 ml). 
Yield: 39 %, 0.46 g. 
164 
IR: v (C-H) 2953, v (C=N) 1645, v (C-O) 1575, V3 (CIO.) 1088 cm". 
CHN: Calc for CU.C36Hs,N.O'8CI, C, 36.38; H, 4.33; N, 4.71. Found C, 36.88; H, 4.17; 
N,5.11. 
7.5 Octacopper complexes 
This complex was prepared by taking a sample of [Cu.(IJ-OH)(L 1)][(N03)33H20, and 
stirring it in a solution of triethylamine in dry MeOH and dmf. 
CHN: Calc for CU8CSSH76N'2028 C, 35.9; H, 4.09; N, 8.97. Found C, 35.15; H, 4.74; N, 
8.88. 
This complex was prepared by taking a sample of [Cu.(IJ-OH)(L2)][(N03)33H20 and 
stirring it in a solution of triethylamine in dry MeOH and dmf. 
CHN: Calc for CU8C68H98N'2027 C, 40.35; H, 4.88; N, 8.30. Found C, 40.25; H, 5.06; N, 
8.62. 
Complex 7 [{Cu.(IJ-O)(L2)][(CIO.)}i1[CIOJ2 
This complex was prepared by taking a sample of [Cu.(IJ-OH)(L2)][(CIO.hC2HsOH and 
stirring it in a solution of triethylamine in dry MeOH and dmf. 
CHN: Calc for CU8C68H88N8025CI. C, 39.2; H, 4.2; N, 5.4. Found C, 39.17; H, 4.5; N, 
5.9. 
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7.6 Tetranickel Complexes 
Complex 8 [Ni.(L2)(J.I-OH)(CH3C02la(CH3C02H)(H20)]· 7H20 
Ni(CH3C02)i4H20 (0.75 g, 2.4 mmol) and tdfp (0.25 g, 1.2 mmol), were refluxed in dry 
EtOH (60 ml) for 10 min. dahp (0.23 g, 1.2 mmol) was dissolved in dry MeOH (20 ml) 
and neutralised with a solution of KOH (0.114 g, 2.4 mmol) in dry MeOH (15 ml), 
precipitating KCI, this was left in the freezer for 30 mins. The dahp solution was then 
filtered into the refluxing solution, to remove KCI. The reaction refluxed for 12 hrs. The 
reaction mixture was filtered hot to remove inorganic impurities and evaporated to 
dryness. The solid was then redissolved in dichloromethane (which had been dried over 
MgSO.). The solution was filtered, evaporated to dryness, and crystallised from 
MeOH/dmf (1:1) solvent mix with evaporation in air. 
Yield: 0.54 g, 45 %. 
IR: v (C-H) 2951, v (C=N) 1639, v (C-O) 1592, v. (COO) 1436.6 - 1408.6 cm·1 
CHN: Calc for Ni.C.2H7.N.021 C, 41.83, H, 6.19, N, 4.57. Found C, 41.99, H, 5.88 N, 
4.57. 
FAB-MS (% Abundance): 822.2 (21) [NI,(L2)(J.I-OH)(CH3C02H)t, 881.3 (100) 
[Ni.(L2)(IJ-OH)(CH3C02)r, 941.3 (15) [Ni.(L2)(IJ-OH)(CH3C02).]+. 
Ni(CH3C02H),AH20 (0.498 g, 2 mmol), Ni(CIO.)i6H20 (0.732 g, 2 mmol) and dfmp 
(0.324 g, 2 mmol) were refluxed in EtOH (200 ml) for45 mins. Neutralised dahp (0.24 g, 
2 mmol) in EtOH IMeOH (30 ml) was added through filter paper. This was left to reflux 
overnight. The solution was filtered hot, rotary evaporated to approximately 10 ml, 
filtered removing a mix of pale green and white solid thought to be nickel acetate and 
unreacted reactants then and washed with MeOH (5 ml). Attempts were made to 
recrystallise the product by slow either diffusion into a solution of the product in MeOH. 
Recrystallisation was also attempted by allowing slow evaporation by air of a dmf: 
MeOH (1 :1) solution of the complex. Unfortunately neither method affords any crystals 
suitable for X-Ray analysis. 
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Yield: 1.146 g, 50.2% 
IR: v (H-O) 3387 (water), v (C-H) 2958, v (C=N) 1641, v (C-O) 1552, v. (COO) 1408-
1384, V3 (CIO.) 1089 cm-'. 
CHN: Calc for Ni.C,oH52N.023CI2 C, 31.54; H, 4.58; N, 4.90. Found C, 30.90; H, 4.28; N, 
3.61. 
FAB-MS (% Abundance): 738 (12) [Ni.(L1)(O)]3+-W, 773 (10) [Ni.(L1)(O)]3+(H20)" 797 
(38) [Ni.(L 1)(OH)]3+(CH3C02), 837 (10) [Ni.(L 1)(OH)]3+(CIO.) 
Complex 10 [Ni.(L2)(IJ-OH)(OBz).](CIO.) 
Ni(CIO.),·6H20 (0.847 g, 2.4 mmol) and tdfp (0.25 g, 1.2 mmol), were refluxed in dry 
EtOH (60 ml) for 30 min. dahp (0.23 g, 1.2 mmol) was dissolved in dry MeOH (20 ml) 
and neutralised with KOH (0.114 g, 2.4 mmol) dissolved in dry MeOH (15 ml), 
precipitating KCI, this was left in the freezer for 30 min. The dahp was then filtered into 
the refluxing solution. After 20 mins sodium benzoate (0.692 g, 4.8 mmol), dissolved in 
methanol (20ml) was added. The refluxing continued ovemight, after which time the 
solution was filtered hot to remove inorganic impurities, and the left to evaporate to 
approx 10 ml, the solution was filtered and the green solid washed with water (3*5ml) to 
remove inorganic impurities and methanol (10 ml). 
Yield 0.524 g, 44.94 %. 
IR: v (C-H) 2957, v (C=N) 1640, v (C-O) 1570, v. (COO) 1404, V3 (CIO.) 1120 cm" 
CHN: Calc for Ni.C.sHssN.O'3CI C, 49.43, H, 4.75, 4.80. Found C, 49.01, H, 4.78, 3.54. 
FAB-MS (% Abundance): 764.2 (29) [Nb(L2)(IJ-OH)], 821.3 (64) [Ni.(L2)(~-OH)], 886.5 
(17) [Nb(L2)(~-OH)(OBz)], 927.2 (13) [Ni.(L2)(~-OH)](CIO.), 942.9 (1 00) [Ni.(L2)(~­
OH)(OBz)], 988.1 (45) [Ni3(L2)(~-OH)(OBz)1(CIO.), 1065.4 (6) [Ni.(L2)(~-OH)(OBz),]. 
Complex 11 & 12 [Ni.(L 1)(IJ-OH))(CF3C02)3 
[Ni.(L2)(IJ-OH))(CF3C02j, 
Complexes 11 and 12 were attempted to be synthesised by reacting either dfmp or tdfp 
and Ni(CIO')26H20 (1.462 g, 4 mmol) refluxed in dry ethanol for 30 mins. Neutralised 
dahp (0.382 g, 2 mmol) was then added to the reaction. After 10 mins sodium 
trifluroracetate (0.41 g, 3 mmol), was dissolved in EtOH (10 ml) was added. The reflux 
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continued overnight after which it was filtered to remove inorganic impurities and left to 
evaporate in air. The resulting bright green product was sticky in consistency. The 
products were washed several times with a range of solvents, however remained sticky 
in consistency. The products were left in a desiccator for several days but still no 
change was noticed in their appearance. 
[Ni.(L 1 )(p-OH)](CF3CO,)3 
Yield: 0.481 g (damp). 
IR: Poor, very broad and messy, broad water band. 
FAB-MS: no notable peaks over 400 m/Z 
[Ni.(L2)(p-OH)](CF3CO,)3 
Yield: 0.503 g (damp). 
IR: v (C-H) 2965, v (C=N) 1664, v (C-O) 1533, v (C-F) 1204 -1145, V3 (CIO.) 1089 cm" 
FAB-MS: no notable peaks over 400 m/Z 
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7.7 Dinucleartwo-atom bridged Complexes 
Complex 13 [Cu2(H3L2)(I1-Bta)](CIO')2 
Cu(CIO.)i6H,O (0.741 g, 2 mmol) and tdfp (0.41 g, 2 mmol) were refluxed in 
EtOH/MeOH (50 ml) for 30 mins. A solution of dahp (0.24g, 2 mmol) in EtOH/MeOH 
(1:1, 30 ml) was added dropwise (The dahp solution was obtained by neutralising a 
solution of the dihydrochloride salt with KOH (0.224 g, 4 mmol) and placing in freezer 
for 30 mins). This gave rise to a green solution. After a further 20 mins refluxing 
benzotriazole (0.238 g, 2 mmol) was dissolved in MeOH (10 ml) was added to the 
solution. 
The mixture was left to reflux over night, after which it was filtered to remove inorganic 
impurities and the solution left to allow slow evaporation of the solvent in air, when the 
solvent had reduced to approximately 10 ml it was filtered and washed with water (3*5 
ml). The product was crystallised by diethyl ether diffusion into a dmf:MeOH (1 :2) 
solution of the compound. 
Yield: 0.708 g, 33 %. 
IR: v (C-H) 2956, v (C=N) 1655 and 1630, v (C-O) 1545, v (bta) 1384 -1364, V3 (CIO.) 
1097 cm-'. 
CHN: Calc for CU3C.oHs,N70,CI2 C, 47.13; H, 5.04; N, 9.62. Found C, 43.30; H, 5.35; N, 
10.59. 
FAB-MS (% Abundance): 699.1 (100) [Cu2(H3L2)], 736.3 (43) [Cu2(H3L2)(CI)], 800.5 
(28) [Cu,(H3L2)(CIO.)], 819.2 (40) [Cu,(H2L2)(bta)], 881.2 (8) [Cu3(H3L2)(bta)], 920.03 
(19) [Cu2(H,L2)(bta)](CIO.). 
Ni(CIO.)i6H20 (0.731 g, 2 mmol) and tdfp (0.41 g, 2 mmol) were refluxed in EtOH (60 
ml) for 30 mins. A solution of dahp (0.24g, 2 mmol) in EtOH/MeOH (1 :1, 30 ml) was 
added dropwise (The dahp solution was obtained by neutralising a solution of the 
dihydrochloride salt with KOH (0.224 g, 4 mmol) and placing in freezer for 30 mins). 
After a further 20 mins refluxing benzotriazole (0.238 g, 2 mmol) was dissolved in 
MeOH (10 ml) was added to the solution. 
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The mixture was left to reflux over night, after which it was filtered to remove inorganic 
impurities and the solution left to allow slow evaporation of the solvent in air, when the 
solvent had reduced to approximately 10 ml it was filtered and washed with water (3*5 
ml). The product still quite sticky after subsequent washings. 
An attempt to produce crystals of the product by, slow evaporation of diethyl ether into a 
MeOH solution of the complex and by slow evaporation in air of a 1:1 dmf:MeOH 
solution of the product, resulted in no crystals suitable for X-Ray diffraction analysis. 
Yield: 0.58 g, 27% 
IR: v (C-H) 2962, v (C=N) 1655 and 1637, v (C-O) 1533, v (bta) 1384, V3 (CIO.) 1087 
cm-' 
CHN: Calc for Ni,C.oH5.N70'6CI2 C, 44.32; H, 5.48; N, 8.52. Found C, 44.39; H, 5.49; N, 
9.05 
FAB: poor, no significant clusters over 490.2 m/Z. 
Complex 15 [Ni2(H3L2)(I1-pyr)](CIO.)iDMF-3H20 
Ni(CIO.)·6H20 (0.731 g, 2 mmol) and tdfp (0.41 g, 2 mmol), were refluxed for 20 mins in 
MeOH (40 ml). Pyrazole (0.136, 2 mmol) was dissolved in MeOH (10 ml) and added to 
the refluxing solution. After 20 mins a solution of dahp (0.24g, 2 mmol) in EtOH/MeOH 
(1:1, 30 ml) was added dropwise (The dahp solution was obtained by neutralising a 
solution of the dihydrochloride salt with KOH (0.224 g, 4 mmol) and placing in freezer 
for 30 mins). 
The mixture was left to reflux over night, after which it was filtered to remove inorganic 
impurities. The filtrate was evaporated to approximately 10 ml, filtered and washed with 
approx 10 ml cold EtOH. Product was a pale green powder. Attempts to products 
crystals suitable for X-Ray diffraction studies failed. 
Yield: 0.63g, 33.1% 
IR: v (C-H) 2960, v (C=N) 1658 and 1636, v (C-O) 1543, v (pyr) 1384-1363, V3 (CIO.) 
1097 cm-' 
CHN: Calc for Ni2C.oH63N70'6C12 C, 44.23; H, 5.85; N, 9.03. Found C, 43.93; H, 6.01; N, 
8.89. 
FAB-MS (%Abundance): 689.3 (100) [Ni,(L2)], 859.3 (23) [Ni2(H3L2)(pyr)](CIO.) 
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7.8 Dinuclear hydroxo bridged Complexes 
Complex 16 [Cu2(H3L 1 }(!1-OH}](BF4)(N03}·2H.O 
With AgN03 
dahp (0.382 g, 2 mmol) was dissolved in H20 (20 ml), neutralised with KOH (0.224 g, 4 
mmol), and then treated with AgN03 (0.679 g, 4 mmol), which caused the preCipitation 
of a white powder (assumed to be AgCI). dfmp (0.324 g, 2 mmol) and Cu(BF4).6H20 
(0.681 g, 2 mmol) were refluxed in dry MeOH (40 ml) for 30 min. The dahp solution was 
then added dropwise through filter paper to remove any trace AgCI and the solution 
was left to reflux ovemight. The solution was then filtered hot to remove inorganic 
impurities and the filtrate left to allow slow evaporation of tlie solvent. After a couple of 
days crystals precipitated out of solution, which were then redissolved in MeOH and 
crystallised by slow diffusion of diethyl ether. 
Yield: 1.24 g, 73.2 % 
IR: v (C-H) 2929, v (C=N) 1654 and 1637, v (C-O) 1559, V3 (N03) 1384 -1356, V3 (SF.) 
1083 cm". 
CHN: Calc for CU2C2.H4oNs01OBF4 C, 40.98; H, 4.91; N, 8.64. Found C, 40.7; H, 4.84; 
N,8.64. 
FAB-MS (% Abundance): 555.2 (22) [Cull 1 )], 616.2 (100) [Cu2(L 1 )]-2H, 635.2 (12) 
[Cu2(L1}(OH)], 653.2 (16) [Cu2(L1)(CI)]. 
Complex 17 [Cu2(H3L 1 }(!1-0H)](BF 4). 
Without AgN03 
dahp (0.382 g, 2 mmol) was dissolved in EtOH/MeOH (30 ml), neutralised with KOH 
(0.224 g, 4 mmol) and placed in the freezer for 30 mins. dfmp (0.324 g, 2 mmol) and 
Cu(SF .).·6H20 (0.681 g, 2 mmol) were dissolved in dry MeOH (40 ml), and the solution 
refluxed for 30 min. The dahp solution was then added dropwise through filter paper to 
remove KCI and the solution was left to reflux ovemight. The solution was then filtered 
hot to remove inorganic impurities and the filtrate left to allow slow evaporation of the 
solvent. After a couple of days crystals precipitated out of solution, which were then 
redissolved in MeOH and crystallised by slow diffusion of diethyl ether. 
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Yield: 1.09 g. 64.3 % 
IR: v (C-H) 2926. v (C=N) 1655. v (C-O) 1550. V3 (BF,) 1083 cm-'. 
CHN: Calc for CU2C2.H,oN,07B2F. C. 39.78; H. 4.77; N. 6.63. Found C. 38.67; H. 4.35; 
N.6.66. 
FAB-MS (% Abundance): 616.1 (100) [Cu2(L1)]-H. 653.2 (42) [Cu2(L1)(CI)]. 
Complex 18 [Cu2(H3L2)(1l-0H)](BF ,h 
This complex was prepared in a similar way to the [Cu2(L 1)(OH)](BF,)(N03)""2H20 
complex using tdfp (0.41 g. 2 mmol) in place of dfmp. 
Yield: 0.61 g. 68.3%. 
IR: v (C-H) 2962. v (C=N) 1686 -1660. v (C-O) 1550. V3 (BF,) 1083 cm-'. 
CHN: Calc for CU2C34H,.N,OsB2F. C. 45.71; H. 5.41; N. 6.27. Found C. 45.70; H. 4.91; 
N.3.58. 
FAB-MS (% Abundance): 639.3 (46) [Cu(L2)]. 700.2 (100) [Cu2(L2)]. 719.3 (15) 
[Cu2(L2)(OH)]. 737.2 (21) [Cu2(L2)(CI)]. 
Complex 19 [Cu2(H3L2)(1l-0H)](N03)i6H20 
Cu(N03)24H20 (0.375 g. 2 mmol) and tdfp (0.41 g. 2 mmol) were refluxed in MeOH (40 
ml) for 1 hr. dahp (0.382 g. 2 mmol) was dissolved in H20 (20 ml). neutralised with KOH 
(0.224 g. 4 mmol). and then treated with AgN03 (0.679 g. 4 mmol). which caused the 
precipitation of a white powder (assumed to be AgC!). This was then added to the 
refluxing solution through filter paper to remove the AgCI and left to reflux for 12 hrs. 
The reaction mixture was filtered and the filtrate was left to allow slow evaporation of 
the solvent. When the filtrate had reduced to approximately 5 ml it was filtered and 
washed with H20 (5 ml) and EtOH (5 ml) and left to dry under vacuum ovemight. This 
was then crystallised from MeOH by ether diffusion. 
Yield: 0.32 g. 33.6 %. 
IR: v (C-H) 2958. v (C=N) 1655-1638. v (C-O) 1544. V3 (N03) 1384 cm-'. 
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CHN: Calc for CU2C3.H59N6017 C, 42.94; H, 6.25; N, 8.84. Found C, 41.23; H, 5.10; N, 
8.81. 
FAB-MS (% Abundance): 700 (53) [Cu2(HL2)t, 781 (55) [Cu2(H3L2)(OH)]2+(N03), 842 
(30) [Cu2(H2L2)(OH)t(N03h. 
Complex 20 [Cu2(H3L 1 )(1l-0H)](CIO.). 
dahp (0.382 g, 2 mmol) was dissolved in H20 (20 ml), neutralised with KOH (0.224 g, 4 
mmol), and then treated with AgN03 (0.679 g, 4 mmol), which caused the precipitation 
of a white powder (assumed to be AgCI). Cu(CIO.)i6H20 (0.62 g, 1.68 mmol) and dfmp 
(0.324 g, 2 mmol) were dissolved in dry MeOH (40 ml), and the solution refluxed for 30 
min. The dahp solution was then added dropwise through filter paper to remove any 
trace AgCI and the solution was left to reflux ovemight. The solution was then filtered 
hot to remove inorganic impurities and the filtrate was left to allow slow evaporation of 
the solvent. After a couple of days crystals had precipitated out of solution, which were 
then redissolved in MeOH and recrystallised by slow evaporation of ether. 
Yield 0.513 g, 61.5 % 
IR: v (C-H) 2923, v (C=N) 1653 and 1636, v (C-O) 1551, V3 (CIO.) 1088 cm-'. 
CHN: Calc for CU2C,.H36N.O'3CI2 C, 40.29; H, 4.35; N, 6.71. Found C, 40.24; H, 4.74; 
N,7.19. 
FAB-MS (% Abundance): 616 (100) [Cu2(H3L 1)], 631 (23) [Cu2(H3L1)(OH)], 651 (18) 
[Cu2(H2L 1)(CI)], 717 (22) [Cu2(H3L 1)](CIO.). 
This complex was prepared in a similar way to the [Cu2(L 1)(OH)](CIO.h_complex using 
tdfp (0.41 g, 2 mmol) in place of dfmp. 
Yield: 0.47 g, 50.9 % 
IR: v (C-H) 2957, v (C=N) 1655-1636, v (C-O) 1546, V3 (BF.) 1088 cm-'. 
CHN: Calc for CU2C2.H •• N.O,3CI2 C, 44.45; H, 5.26; N, 6.09. Found C. 44.13; H, 5.24; 
N.5.94. 
FAB-MS (% Abundance): 700 (23) [Cu2(H3L2)], 802 (5) [Cu2(H3L2)](CIO.). 
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7.9 Heteronuclear Complexes 
Stepwise Synthesis 
In the case of these heterotetranuclear complexes the elemental analysis yielded poor 
results as the product is a mixture of complexes that provided difficult to separate. 
This complex was prepared using a dicopper precursor, which had been recrystallised 
and left to dry under vacuum overnight. 
[Cu2(H,L1)(OH)](BF.), (0.159 g, 0.197 mmol), and excess Ni(CH,C02),AH20 (0.12 g, 
0.59 mmol), were dissolved in dry MeOH/ACN (1:1, 60 ml), and refluxed overnight. The 
reaction mixture was filtered hot giving a pale green precipitate assumed to be 
unreacted nickel acetate, and a green solution. The solution was concentrated to ca 5 
ml, causing the precipitation of a darker green solid. This was then washed with EtOH 
(3'5 ml) and dried. 
Yield: 0.105 g, 51.2 %. 
IR: v (C-H) 2924, v (C=N) 1644, v (C-O) 1560, v, (COO) 1409 -1384, v, (CIO.) 1083 
cm" 
CHN: Calc for CU2Ni2C32H •• N.O.B2Fa C, 36.72, H, 4.24, N, 5.35. Found C, 37.11, H, 
4.29, N, 5.76. 
FAB-MS (% Abundance): 617.9 (44) [Cu2(L1)]2W, 690.5 (39) [Cu2Ni(L 1)(OH)], 747.4 
(48) [Cu2Ni2(L 1)(OH)], 806.4 (100) [Cu2Ni2(L 1 )(OH)](CH,C02). 
Stock supplies of dicopper complexes were synthesised to carry out these 
heterotetranuclear experiments. This complex was synthesised as above using a crude 
sample of the dicopper precursor. 
Each attempt using crude dicopper precursor yielded an amount of an unknown 
complex within the FAB mass spectra. This was later discovered to be a complex of the 
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core heterotetranuclear macrocycle and a dinickel superstructure coordinated to the 
nickel ions of the macrocycle. 
Yield: 0.513 g. 
IR: v (C-H) 2925, v (C=N) 1650, v (C-O) 1558, v. (COO) 1419 - 1384, V3 (BF.) 1083 
cm-1 
CHN: The FAB spectra also show an amount of Ag+ impurity, which will affect the CHN 
Formula C H N 
Found 34.72 4.40 4.88 
[Cu2Ni2(L 1)().l-OH»)(BF .h(CH3C02) 36.74 3.49 5.71 
[Cu2Ni2(L 1 )().l-O»)(BF .h(CH3C02)[(dfmp)(Ni2)(OH)] 36.62 3.39 4.38 
FAB: 748.0 (12) [Cu2Ni2(L 1 )(0)], 807.0 (100) [Cu2Nh(L1)(0»)(CH3C02), 1105.6 (9) 
[Cu2Ni,(L 1)(0)](CH3C02)[(dfmp)(Nh)(OH)]. 
This complex was prepared in a similar way to complex 23 using [Cu2(H3L2)(OH)](BF.h 
(0.123 g, 0.1 mmol). 
Yield: 0.081 g. 
IR: v (C-H) 2955, v (C=N) 1647, v (C-O) 1560, v. (COO) 1412, V3 (BF.) 1083 cm-1 
CHN: 
Formula C H N 
Found 39.27 3.81 4.25 
[Cu2Ni2(L2)(OH)](BF.).(CH3C02) 40.53 4.54 5.25 
[Cu2Ni2( L2)(0) I (BF .).][(tdfp )(Ni,)(H2O)2] 40.41 4.66 3.93 
FAB-MS: (% Abundance) 832.5 (14) [Cu2Ni2(L2)(OH)], 891.5 (100) 
[Cu2Ni2(L2)(0)](CH3C02), 1169.5 (14) {[Cu2Nh(L2)(0)][(tdfp)Ni(0)]}3+-2W, 1189.5 (30) 
[Cu2Ni2(L2)(0)][(tdfp)Ni(OHhl· 
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Complex 25 [Cu2Nh(L2)(Jl-OH)](CIO.).(CH3C02) 
This complex was prepared in a similar way to complex 23 using 
[Cu2(H3L2)(OH)](CIO.). (0.076 g, 0.78 mmol). 
In the case of the perchlorate complex no superstructure appears in the FAB mass 
spectra. 
Yield: 0.613 g, 65.5 %. 
IR: v (C-H) 2954, v (C=N) 1645, v (C-O) 1560, v. (COO) 1411 -1363, V3 (CIO.) 1088 
cm-1 
CHN: Calc for CU2Ni2C36H.7N.015CI2 C, 39.62, H, 4.34, N, 5.13. Found C, 34.05, H, 
4.67, N, 4.17. 
FAB-MS (%Abundance): 832 
[Cu2Ni2(L2)(O)],+(CH3C02)-H', 998.2 
991.71). 
(100) [Cu2Nb(L2)(O)]2+-H+, 891 
(40) [Cu2Ni,(L2)(O)],+(CH3C02)(CIO.) 
Complex 26 [Cu2Nh(L2)(Jl-OH)](BF.)(OBz).-2MeOH 
(21) 
(Calc. 
[Cu2(H3L2)(OH)](BF.h (0.178 g, 0.175 mmol) and Ni(BF.}."6H20 (0.178 g, 0.525 mmol), 
were refluxed in dry MeOH/ACN (40 ml) for 10 mins. Sodium benzoate (0.076 g, 0.525 
mmol) dissolved in dry MeOH (20 ml) was added and the solution left to reflux 
overnight. 
The reaction mixture was then filtered hot and concentrated to ca. 5ml, generating a 
green precipitate, which was washed with EtOH (3*5 ml). 
Yield: 0.104 g, 48.5%. 
IR: v (C-H) 2954, v (C=N) 1644, v (C-O) 1560, V3 (BF.) 1083 cm·' 
CHN: Calc for CU2NbCsoH63N.0l1BF4, C, 48.93; H, 5.17; N, 4.57. Found C, 48.69; H, 
5.48; N, 5.06. 
FAB-MS: (% abundance), 639.2 (40) [CuNi(L2)2H1, 757.4 (28) [Cu2Ni(L2)], 775.5 (30) 
[Cu2Ni(L2)(OH)], 836.2 (29) [Cu2Ni2(L2)(OH)]2+, 958.1 (100) [Cu2Ni,(L2)(OH)2H1(OBz). 
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Complex 27 [Cu2Ni2(L2)(1l-0H)](CIO.)(OBzh 
Complex 27 was prepared in a similar way to complex 26, using [Cu2(H3L2)(OH)](CIO')2 
as the dicopper precursor and excess Ni(CIO,)i6H20 (0.559 g, 1.53 mmol) as the 
nickel salt. 
The product was crystallised from dmf/MeOH by diethyl ether diffusion, but no crystals 
suitable for x-ray studies were produced. 
Yield: 0.285 g, 63.8 %. 
IR: v (C-H) 2955, v (C=N) 1646, v (C-O) 1560, V3 (CIO,) 1099 cm-' 
CHN: Calc for CU2Ni2CsoH63N,O,sCI, C, 48.43; H, 5.12; N, 4.52. Found C, 37.32; H, 
3.81; N, 4.27. 
FAB-MS (% abundance): 692.0 (75) [Cu2(L2)]2+-4H+, 757.2 (40) [Cu2Ni(L2)]2+-H+, 773.5 
(71) [Cu2Ni(L2)(O)]3+-W, 835.5 (100) [Cu2Nb(L2)(OH)]3++H+, 936.4 (59) 
[Cu2Nb(L2)(OH)]3++2H+(CIO,), 956.5 (47) [Cu2Ni2(L2)(OH)I'++W(OBz). 
Direct Synthesis 
Cu(CIO,)i6H20 (0.741 g 2 mmol), Ni(CH3C02)i4H20 (0.497 g, 2 mmol) and tdfp (0.41 
g 2 mmol) were refluxed in EtOH (75 ml) for 1 hr after which time neutralized dahp (0.24 
g, 2 mmol) dissolved in MeOH/EtOH (30 ml) was added. This was left to reflux 
overnight then filtered hot and left in air to allow slow evaporation of the solvent to 
approximately 5 ml. The product was then washed with ether (5 ml) and EtOH (5 ml) 
and dried overnight under vacuum. The powder was collected and crystallised from 
DMF by ether diffusion. This gave rise to two products, pale green and dark green 
crystals. 
Yield: 1.83 g. 
The powder that resulted was a mixture of dark and pale green crystals. X-ray analysis 
showed that the pale green crystals were [Ni(DMF)6](CIO')2. 
From the FAB analysis it is assumed that the dark green crystals are the tetracopper 
complex and the therefore the pale green crystals arise from unreacted nickel acetate. 
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IR: v (C-H) 2938, v (C=N) 1644, v (C-O) 1576, V3 (CIO.) 1089 cm-I. 
CHN: Calc for [Cu.(L2)(OH)](CIO.)32H20 (Cu.C3.H.80 ,6N.CIa), C, 36.16; H, 4.28; N, 
4.96. Found C, 36.13; H, 4.68; N, 4.70. 
FAB-MS (% abundance): 842 (92) [Cu.(L2)(O)]2+, 941 (100) [Cu.(L2)(OH)]3+-W(CIO.). 
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7.10 Dinuclear Diagonal Complexes 
Complex 28 [Cu2(H2L 1 )(fl-CI).](CI)i2H20·2MeOH 
Cu(CI)i6H20 (0.484g, 2 mmol) and dfmp (0.382g, 2 mmol) were dissolved in MeOH (60 
ml) and refluxed for 30 mins. A solution of neutralized dahp (0.24g, 2 mmol) in 
EtOH/MeOH (1:1, 30 ml) was added dropwise and left to reflux overnight. The solution 
was then filtered hot and left to evaporate to dryness overnight. Crystallised from MeOH 
by ether diffusion. 
Yield: 0.82 g, 48.2 %. 
IR: v (C-H) 2923, v (C=N) 1654 -1638, v (C-O) 1551 cm" 
CHN: Calc for CU2C30H.5N.O.CI., C, 41.96; H, 5.28; N, 6.52. Found C, 42.32; H, 5.20; 
N,5.13. 
FAB-MS (% abundance): 616.0 (40) [Cu2(H2L 1)), 653.0 (700) [Cu2(H2L 1)CI), 689.0 (5) 
[Cu2(H2L 1 )CI2), 750 (3) [Cu2(L 1 )Cb](CI)" 
Complex 29 [Cu2(H2L 1 )(fl-CI).](CIO.h·2H20 
Cu(CI),6H20 (0.242g, 1 mmol), Cu(CIO.),6H20 (0.37g, 1 mmol) and dfmp (0.382g, 2 
mmol) were dissolved in MeOH (60 ml) and refluxed for 30 mins. A solution of dahp 
(0.24g, 2 mmol) in EtOH/MeOH (1:1, 30 ml) was added drop-wise. The dahp solution 
was obtained by neutralising a solution of the dihydrochloride salt with KOH (0.224 g, 4 
mmol). A green solution resulted and was left to reflux overnight. The solution was then 
filtered hot and left to evaporate to - 5 ml overnight. The product was then washed with 
H20 to remove inorganic impurities and crystallised from MeOH by ether diffusion. 
Yield: 1.09 g, 59% 
IR: v (C-H) 2925, v (C=N) 1653 - 1639, v (C-O) 1550, V3 (CIO.) 1098 cm" 
CHN: Calc for Cu2C2.H3.N.O,.CI., C, 36.41; H, 4.15; N, 6.06. Found C, 36.07; H, 4.12; 
N,6.64. 
FAB-MS (% abundance): 788.8 (25) [Cu2(L 1)CI.)(CIO.), 752.9 (78) [Cu2(H2L 1)CI](CIO.), 
689.0 (20) [Cu2(H2L 1 )CI2), 653.1 (100) [Cu2(H2L 1 )CI), 616.1 (78) [Cu2(H2L 1 »). 
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Complex 30 [Cu2(H2L2)(l1-CI),](CIO.)iH20 
Prepared as above using tdfp (0.41 g, 2 mmol) instead of dfmp. The green powder was 
crystallised from MeOH with ether diffusion. 
Yield: 1.13 g, 63.2 %. 
IR: v (C-H) 2958, v (C=N) 1654-1638, v (C-O) 1547, V3 (CIO.) 1089 cm-'. 
CHN: Calc for CU2C34H.8N.O'3CI., C, 41.26; H, 4.88; N, 5.66. Found C, 41.43; H, 4.98; 
N,5.27. 
NiCli6H20 (0.237g, 1 mmol), Ni(CIO.»·6H20 (0.365g, 1 mmol) and dfmp (0.32g 2 
mmol) were dissolved in EtOH (200 ml) and refluxed for 30 mins. A solution of 
neutralised dahp (0.24g, 2 mmol) in EtOH/MeOH (1 :1, 30 ml) was added drop-wise. 
A yellow solution resulted and was left to reflux overnight The solution was then filtered 
hot, rotary evaporated to -50 ml and treated with diethyl ether to preCipitate the 
product. Green/yellow dichroic crystals were obtained from ether diffusion into an 
acetonitrile solution of the powder. 
Yield: 1.39 g, 72.8 % 
IR: v (C-H) 2957, v (C=N) 1654 -1636, v (C-O) 1544, V3 (CIO.) 1094 cm-'. 
CHN Calc for Ni,CaoH., NsO,.CI., C, 37.74; H, 4.33; N, 7.33. Found C, 38.06; H, 4.52; N, 
6.5. 
FAB-MS (% Abundance): 779.2 (20) [Ni,(H2L 1)CI,](CIO.b 743.2 (19) 
[Ni2(H2L1)CI](CIO.)., 707.2 (18) [Ni2(H2L 1 )](CIO.)., 679 (26) [Ni,(H2L1)(CI))CH3CN, 
643.2 (100) [Ni,(H2L 1 )]CH3CN, 606.2 (97) ) [Ni,(H2L 1 )]. 
Prepared as above using tdfp (0.41g, 2mmol), instead of dfmp. Yellow/orange dichroic 
crystals of the product were obtained by slow evaporation of diethyl ether into a dmf 
solution of the complex. 
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Yield: 1.49 g, 74.9 % 
IR: v (C-H) 2962, v (C=N) 1662, 1632, v (C-O) 1533, V3 (CIO.) 1088 cm". 
CHN Calc for Ni,C3,H54N40'5CI4, C, 38.67; H, 5.48; N, 5.64. Found C, 38.51; H, 5.59; N, 
6.06. 
FAB-MS (% abundance): 863 (14) [Ni,(H,L2)CI,J(CIO.), 763.0 (57) [Ni,(H,L2)CI,J, 727.1 
(100) [Nb(H,L2)CI], 690.1 (87) [Nb(H,L2)]. 
Complex 33 [Co,(H,L 1 )(I-l-CI).](CI04)i2dmf"2H,O 
CoCli6H,O (0.238g, 1 mmoQ, Co(CIO.)i6H,O (0. 366g, 1 mmol) and dfmp (0.324g, 2 
mmol) were dissolved in MeOH (60 ml) and refluxed for 30 mins. A solution of dahp 
(0.24g, 2 mmol) in EtOHlMeOH (1: 1, 30 ml) was added drop-wise. An orange solution 
resulted and was left to reflux overnight. 
The solution was then fiHered hot, rotary evaporated to -50 ml and treated with diethyl 
ether to precipitate the product which was green. The product was crystallised by slow 
ether diffusion into an acetonitrile solution of the complex. 
Crystallisation gave a mix of orange crystals and green powder. Analysis of the orange 
crystals gave; 
Yield: 0.67 g, 31.7 % 
IR: v (C-H) 2953, v (C=N) 1654-1635, v (C-O) 1546, V3 (CIO.) 1086 cm-'. 
CHN: Calc for CO,C34H5,N60'6CI4, C, 38.51; H, 4.94; N, 7.92. Found C, 38.76; H, 5.05; 
N,7.87. 
FAB-MS (% Abundance): 644 (100) [Co,(H,L1)CI], 680.1 (35) [Co,(H2L1)CI,], 743 (25) 
[C02(H,L 1 )CI](CIO.). 
Complex 34 [Mn,(H,L 1 )(I-l-CI),(DMF),](CIO.)·2DMF 
MnCli4H,O (0.197g, 1 mmol), Mn(CIO')i6H,O (0.361g, 1 mmol) and tdfp (0.41g, 2 
mmol) were dissolved in MeOH (60 ml) and refluxed for 30 mins. A solution of dahp 
(0.24g, 2 mmol) in EtOH/MeOH (1 :1, 30 ml) was added drop-wise. A brown solution 
resulted and was left to reflux overnight. 
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The solution was then filtered hot and left to evaporate in air. Green/orange dichroic 
crystals were obtained from a solution of the product in dmf/MeOH (1 :1) by ether 
diffusion. 
Yield: 1.22 g, 58.4 % 
IR: v (C-H) 2962, v (C=N) 1655,1637, v (C-O) 1533, V3 (CIO.) 1087 cm-' 
CHN: Calc for Mn2C37H57N.O'5CI., C, 40.71; H, 5.26; N, 8.98. Found C, 40.74; H, 5.30; 
N, B.86. 
FAB-MS (% Abundance): 636 (100) [Mn2(H2L1)CI], 672 (37) [Mn2(H2L 1)Cb], 736 (28) 
[Mn2(H2L 1 )CI](CIO.). 
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Conclusion 
The ability of the ligands H.L 1 and H.L2 to coordinate a range of different first row 
transition metal ions in a variety of ways makes them extremely versatile ligands to 
investigate. The results of the investigations within this thesis have proven to be 
both interesting and at times unexpected. 
The versatility of the ligand is due to several factors: 
• Four identical binding sites, 
• Variety of coordinating groups (N, 0), 
• The bridging ability of the pendant phenol and alkoxo groups, 
• Flexible saturated side chains allowing considerable folding of the ligand, 
• Cavity size gives allows the coordination two or four metal ions. 
Therefore a diverse set of macrocyclic complexes is expected. 
The principal aim of this investigation was to develop a clean synthetic route to 
heteronuclear complexes of H.L 1 and H.L2, which avoid the scrambling of metal 
ions. This synthetic route involved the synthesis of dinuclear complexes with two 
empty coordination sites followed by further coordination of two more metal ions. 
During the course of this investigation several very interesting observations have 
been made. 
A study of the ability of benzotriazolate and pyrazolate ions to act as exogenous 
ligands by coordinating to the macrocycle bound metal ions was carried out. 
Previous work established these ligands ability to form a two-nitrogen bridge 
between two copper ions situated along the same side of the macrocycle. No 
structural information for the pyrazolate complexes was obtained during the present 
study, however they are assumed to be similar to those determined by Kruger. X-
Ray determination of {[Cu2(H3L2)(Il-bta))2Cu(CIM confirmed the preferred structural 
orientation of these complexes where the metal ions coordinate in a side-by-side 
manner and incorporating a two-nitrogen bridge between the metal ions. These 
complexes have the desired feature of possessing two vacant coordination sites, 
however the ligand undergoes considerable folding to coordinate these bulky 
exogenous groups. Further work described in this thesis has helped to develop 
these synthetic methods and an investigation into the interaction of these ligands 
with nickel ions has been started. Although no X-Ray crystallography analysis was 
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obtainable for the nickel complexes, the study of the FAB mass spectra displayed 
characteristic fragmentation pattems comparable with the analogous copper 
complexes. 
These investigations have generated useful analytical information and in particular 
the presence of a split imine peak in the infrared spectra indicating different 
environments for imine groups and the [M2(H3L)(Jl-bta/pyr)t m/Z peak in the FAB 
mass spectra are characteristic of these dinuclear complexes. 
The isolation and characterisation of the dicopper hydroxo complexes have proved 
to be a significant step towards synthesis of heterotetranuclear complexes. These 
planar metal deficient precursors have enabled the synthesis of heterotetranuclear 
complexes without the need for 'blocking' groups, which have not always generated 
good yields. These dicopper hydroxo complexes form directly by a template 
synthesis and have clean, simple synthetic routes. This makes them ideal 
precursors to heteronuclear complexes, as they do not possess blocking groups. 
The FAB mass spectra of these complexes also possess characteristic 
fragmentation patterns and are therefore a powerful analytical tool. The structure of 
the complexes has been confirmed by X-Ray determination. 
The structures of the dinuclear complexes of H4L 1 and H4L2 containing 
benzotriazolate, pyrazolate and hydroxo exogenous ligands have some interesting 
similarities and differences. All three classes of complex have two metal ions 
coordinated along the saturated side chain in a side-by-side manner and the two 
other coordination sites are vacant. However there are notable differences in the 
complexes. In the Jl-hydroxo complex, the macrocyclic ligand is planar. In the case 
of the Jl-pyrazolate complex, the macrocyclic ligand is bent and this bend is even 
more pronounced in the Il-benzotriazolate complex. In the Jl-hydroxo complexes a 
single atom bridges the metal ions, whereas in the other complexes a two-atom 
bridge separates the metal ions. These two atom bridges are bulkier and these 
complexes are forced to lose their planarity in order to accommodate these bridging 
groups. 
An investigation into the diagonal dinuclear complexes obtained in the presence of 
chloride ions produced some interesting results. These complexes have simple 
synthetic routes and produce clean complexes in high yield. The FAB mass spectra 
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fragmentation pattern of these complexes is very distinct and a useful analytical 
technique to predict the structure of these complexes when X-Ray data is not 
available. The folding of the ligand to accommodate the chloride bridging ions 
highlights its versatility. Although structurally different to the dinuclear complexes 
already discussed these complexes are also potentially interesting as they also have 
two empty coordination sites. 
As previously stated the aim of the investigation was to develop a clean synthetic 
route to heteronuclear complexes of H.L 1 and H.L2, which avoid the scrambling of 
metal ions. For this reason the Jl-hydroxo complexes were selected as the most 
suitable metal deficient precursors to use at this stage. These complexes have the 
advantage of the others of being planar and have two unblocked vacant 
coordination sites. 
The development of these dinuclear complexes has led to the successful synthesis 
of the first heterotetranuclear complexes to selectively coordinate two different metal 
ions in similar coordination sites. The heteronuclear complexes synthesised using 
the dicopper Jl-hydroxo complexes gave interesting and unexpected results. The 
study of the FAB mass spectra of the complexes provides useful information in 
establishing the formula of the Cu(II)2Ni(lIh complexes. The spectra are remarkably 
simple showing two peaks corresponding to the heteronuclear macrocycle with a Jl-
hydroxo exogenous ligand and the heteronuclear complex with and acetate ligand 
bound to it. A third peak is also seen in the FAB mass spectra and can be attributed 
to an additional 'dfmp/tdfpNb' unit coordinated to the macrocycle. The presence of 
this superstructure is confirmed when the FAB mass spectra are compared to that of 
Launay's heteronuclear complex 
{[Cu2Ni2(L 1 )(O»)(CH3C02)[(dfmp)(Ni2)(CH3C02)(OH)h) which has been 
characterised by X-Ray crystallography. Attempts to grow crystals suitable for X-Ray 
diffraction during this investigation failed. However, in most cases, the successful 
formation of the heteronuclear complex was confirmed by the FAB mass 
spectroscopy. This again highlights the usefulness and reliability of FAB mass 
spectroscopy when no crystals suitable for X-Ray crystallography are available. 
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Figure C.1 Synthetic pathways of complexes of H.L 1 and H.L2 
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Solid state electrochemical experiments on the di-, tetra and octacopper complexes 
of H4L 1 and H4L2 produced notable results. The solid state electrochemistry of 
these complexes confirms the stability of these two complexes compared to their 
possible mono- and trinuclear configurations. The experiments show that the copper 
ions act as two sets of distinct pairs. The reduction potentials of these pairs are 
different and indicate that the metal ions in the dinuclear macrocycle are more stable 
than the tetranuclear. Solid state electrochemistry has proven a useful technique 
when studying the chemistry of these complexes. 
This investigation has been successful in finding a clean route to heterotetranuclear 
complexes avoiding scrambling of metal ions. However, during the course of 
investigating this route other interesting and note worthy complexes have been 
produced. A summary of these is given in figure C.1. The potential to develop the 
many aspects of this work further is enormous and many interesting avenues remain 
for future investigations. 
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Crystal Data Tables 
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Table A.1 Crystal data and structure refinement for Complex 8 [Ni.(L2)(IJ-
OH)(CH3C02h(CH3C02H)(H20)j'7H20 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
101.2600(10}" 
Cell volume 
Z 
Calculated density 
Absorption coefficient 11 
F(OOO) 
Crystal colour and size 
Data collection method 
e range for data collection 
Index ranges 
Completeness to e = 25.00· 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>20' 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data I restraints I parameters 
Final R indices [F2>2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
ni40ac 
C.2H5sN.Ni.O,9.5o 
1165.76 
150(2) K 
MoKu, 0.71073 A 
monoclinic, P2,n 
a = 16.9280(10) A 
b = 16.3385(10) A 
u = 90· 
13= 
c=19.3153(11)A y=90· 
5239.4(5) N 
4 
1.478 g/cm3 
1.490 mm-' 
2424 
green, 0.40 x 0.26 x 0.24 mm3 
Bruker SMART 1 K CCD diffractometer 
co rotation with narrow frames 
1.46 to 25.00· 
h -20 to 20, k -19 to 19,1-22 to 22 
99.9% 
0% 
50433 
9221 (Rim = 0.0898) 
6397 
semi-empirical from equivalents 
0.587 and 0.716 
direct methods 
Full-matrix least-squares on F2 
0.1201,0.0000 
9221/0/686 
R1 =0.0612,wR2=0.1742 
R1 = 0.0827, wR2 = 0.1889 
1.004 
2.611 and 0.038 
1.202 and -0.988 e A-3 
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Table A.2 Crystal data and structure refinement for Complex 13 {[Cu2(H3L2)(f.I-
bta)hCu(CIM (CIO.h 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
127.713(2)° 
Cell volume 
Z 
Calculated density 
Absorption coefficient f.I 
F(OOO) 
sc126x 
C81H9.CI.CusN16011 
2023.22 
150(2) K 
MoKa, 0.71073 A 
monoclinic, C2/c 
a = 37.459(6) A 
b = 16.095(3) A 
c = 24.782\4) A y = 90° 
11820(3) A 
4 
1.137 g/cm3 
1.031 mm-1 
4164 
Data collection method Bruker SMART 1 K CCD diffractometer 
0) rotation with narrow frames 
e range for data collection 
Index ranges 
Completeness to e = 25.00· 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
1.37 to 25.00· 
h --44 to 44, k-19 to 19, 1-29 to 29 
99.9% 
0% 
40915 
10404 (Rint = 0.1023) 
4269 
semi-empirical from equivalents 
direct methods 
Full-matrix least-squares on F2 
0.1000, 0.0000 
10404/0/526 
R1 = 0.2503, wR2 = 0.5255 
R1 = 0.3746, wR2 = 0.5587 
2.767 
2.925 and 0.197 
4.883 and -1.052 e A-3 
The crystals were of bad quality, therefore produced poor data. 
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Table A.3 Crystal data and structure refinement for Complex 16 
[Cu2(H3L 1)(OH)](BF4)(N03) 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
100.5750(10)" 
Cell volume 
Z 
Calculated density 
Absorption coefficient Il 
F(OOO) 
Data collection method 
e range for data collection 
Index ranges 
Completeness to e = 25.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
c187322 
C30H32BCU2.30 F 4 N4 0 5.50 
769.55 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P2,/c 
a = 13.5888(11) A 
b = 19.9156(16) A 
c = 13.6803(11) A y = 90° 
3639.4(5) N 
4 
1.404 g/cm3 
1.401 mm-1 
1567 
Bruker SMART 1 K CCO diffractometer 
ro rotation with narrow frames 
1.52 to 25.00° 
h -16 to 16, k -23 to 23, 1-16 to 16 
100.0 % 
0% 
34328 
6406 (Rint = 0.0374) 
4453 
semi-empirical from equivalents 
direct methods 
Full-matrix least-squares on F2 
0.2000, 0.0000 
6406/0/442 
R1 = 0.1197, wR2 = 0.3730 
R1 = 0.1470, wR2 = 0.3970 
1.630 
0.593 and 0.036 
2.129 and -0.627 e A-3 
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Table A.4 Crystal data and structure refinement for Complex 29 [Cu2(H4L2)(f.!-
CI)2](CI04h 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient f.! 
F(OOO) 
Crystal colour and size 
Data collection method 
e range for data collection 
Index ranges 
Completeness to e = 24.99° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
sc1282 
C46H72CI4CU2N.OI6 
1262.00 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P21/c 
a = 8.9357(13) A 
b = 13.541(2) A 
c = 23.884(4) A 
2887.2(7) N 
2 
1.452 g/cm3 
0.992 mm-I 
1316 
a = 90° 
P = 92.469(2)" 
y= 90° 
green, 0.57 x 0.09 x 0.06 mm3 
Bruker SMART 1 K CCD diffractometer 
Cl) rotation with narrow frames 
1.71 to 24.99° 
h -10 to 10, k -16 to 16, 1-27 to 28 
99.9% 
0% 
19922 
5093 (Rint = 0.0474) 
3750 
semi-empirical from equivalents 
0.601 and 0.943 
Patterson synthesis 
Full-matrix least-squares on F2 
0.1017,12.1006 
5093/0/371 
R1 = 0.0762, wR2 = 0.1969 
R1 = 0.1034, wR2 = 0.2134 
1.049 
2.186 and 0.024 
1.015 and -0.817 e k 3 
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Table A.5 Crystal data and structure refinement for Complex 30 [Ni,(H4L 1)(1!-
CI)2(CH3CN)2](CI04h 
Identificati on code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
110.2720(10)" 
Cell volume 
Z 
Calculated density 
Absorption coefficient I! 
F(OOO) 
Data collection method 
e range for data collection 
Index ranges 
Completeness to e = 25.00· 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
c109512 
C32H42C14NaNi20'2 
961.94 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P2,/c 
a = 11.7576(6) A 
b = 14.3067(8) A 
Cl = 90· 
13= 
c = 12.4585(7) A y = 90· 
1965.86(19) A' 
2 
1.625 g/cm3 
1.298 mm-1 
992 
Bruker SMART 1 K CCD diffractometer 
ro rotation with narrow frames 
1.85 to 25.00· 
h -13 to 13, k -17 to 16, 1-14 to 14 
99.9% 
0% 
13866 
3452 (Rint = 0.0138) 
3149 
semi-empirical from equivalents 
direct methods 
Full-matrix least-squares on F2 
0.0603, 5.0300 
3452/0/273 
R1 = 0.0477, wR2 = 0.1210 
R1 = 0.0518, wR2 = 0.1249 
1.012 
0.015 and 0.000 
1.006 and -0.748 e A-3 
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Table A.6 Crystal data and structure refinement for complex 31 [Ni2(H4L2)(I!-
Clhl(CI04h 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient I! 
F(OOO) 
Crystal colour and size 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to 9 = 25.00· 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 parameters 
Final R indices [F2>2cr I 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
scwot 
C46H76C14NsNi20'6 
1256.37 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P21/c 
a = 14.045(2) A 
b = 16.323(3) A 
c = 12.898(2) A 
2915.9(9) N 
2 
1.431 g/cm3 
0.899 mm-1 
1320 
a = 90· 
13 = 99.549(3)" 
Y = 90· 
yellow, 0.64 x 0.22 x 0.03 mm3 
Bruker SMART 1 K CCD diffractometer 
(0 rotation with narrow frames 
1.47 to 28.60· 
h -17 to 18, k -21 to 20,1-17 to 16 
100.0 % 
0% 
24005 
6795 (Rint = 0.0532) 
4526 
semi-empirical from equivalents 
0.597 and 0.974 
direct methods 
Full-matrix least-squares on F2 
0.0632, 0.0000 
6795/0/358 
R1 = 0.0408, wR2 = 0.1019 
R1 = 0.0729, wR2 = 0.1139 
0.955 
0.001 and 0.000 
1.018 and -0.367 e A-3 
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Table A. 7 Crystal data and structure refinement for complex 33 [Mn2(H4L 1 )(fL-
CIMdmfh](CI04)2·2dmf 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
1 06.5220(1 Ot 
Cell volume 
Z 
Calculated density 
Absorption coefficient fL 
F(OOO) 
Crystal colour and size 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to 9 = 25.00· 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>20' 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data 1 restraints 1 Earameters 
Final R indices [F >2D] 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
21100 
C4oH64CI4Mn2NsO,s 
1164.67 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P2,/c 
a = 11.0746(6) A 
b = 19.3424(10) A 
a=90· 
13= 
c = 12.8532(7) A y = 90· 
2639.6(2)N 
2 
1.465 g/cm3 
0.752 mm-1 
1212 
green/orange, 0.65 x 0.21 x 0.15 mm3 
Bruker SMART 1 K CCD diffractometer 
0) rotation with narrow frames 
1.92 to 28.76· 
h -14 to 14, k -24 to 24,1-16 to 17 
99.7% 
0% 
22316 
6143 (Rint = 0.0189) 
5158 
semi-empirical from equivalents 
0.641 and 0.895 
direct methods 
Full-matrix least-squares on F2 
0.0479,1.1297 
6143/0/358 
R1 = 0.0328, wR2 = 0.0854 
R1 = 0.0415, wR2 = 0.0902 
1.037 
0.002 and 0.000 
0.589 and -0.487 e A-3 
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